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ABSTRACT 
 
 
A critical and recurrent problem for wheel chair users are the development of 
decubitus ulcers, also known as pressure ulcers, pressure sores or bed sores. For 
some wheelchair users, this can be life threatening, whereas for the majority, it is a 
huge disruption and major complication in their personal life.  
 
During this research a series of pressure relieving cushions were created. 
Three innovative contoured prototype wheelchair cushions were developed and fully 
characterised, utilising 3D warp knitted spacer fabrics.  A uniquely constructed 
contoured recess was developed for each prototype wheelchair cushion, which 
successfully protected the most vulnerable part of the human buttocks, the Ischial 
Tuberosities. Using a methodology which utilised a pressure mapping system; a 
simulated human buttocks template, the Rigid Loading Cushion Indenter and a 
computerised universal tester, the prototype cushions were characterised for their 
pressure distribution properties. This allowed the measuring of pressure distribution 
while under simulated loading conditions. These prototype wheelchair cushions were 
able to demonstrate low peak pressures in the area of the vulnerable Ischial 
Tuberosities, which ranged from 17.7mmHg – 32.9mmHg. This measuring system was 
also used to compare, the prototype 3D spacer wheelchair cushions against a small 
selection of commercially available foam wheelchair cushions. Pressure results for the 
commercial foam cushions ranged from 50.4mmHg – 79.0mmHg peak pressure in 
Ischial Tuberosities area. The flammability behaviour of 3D warp knitted spacer fabrics, 
in the context of pressure relieving cushions, were also investigated by using a 
modified ‘Mydrin’ test method, adapted to test the multiple layers found within the 
prototype cushions. The resulting outcome was a better understanding of the 
flammability behaviour of the warp knitted spacer fabrics within multiple layers, as well 
as enhancing the flame retardancy properties of the prototype wheelchair cushions. 
These prototype cushions satisfied the requirements of BS 5852 Ignition Source 5 (Crib 
5) and BS 7175: 1989 Section 3 Ignition source 5.   
ii 
 
Leading on from this research, a patent application is being processed, covering the 
successful development of the three prototype contoured 3D spacer fabric wheelchair 
cushions, ASD4, ASD4-S and ASD450-S.  
The prototype wheelchair cushions have been designed and developed with the 
following characteristics: 
1. A shaped/contoured surface which can re-distribute high pressure points 
normally located in vulnerable areas of an immobile and seated person, to 
under 50.0mmHg in the Ischial Tuberosities.  
2. Peak pressures could be reduced and distributed evenly over a much larger 
area of these cushions than basic PU foam.  
This series of prototype 3D warp knitted spacer fabric wheelchair cushions will assist in 
the prevention of debilitating pressure ulcers. 
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Chapter 1 
Introduction 
 
1.1      Background 
     Decubitus ulcers are a worldwide healthcare concern, affecting tens of 
thousands of patients and individuals. Susceptibility to Decubitus ulcers comes from a 
combination of external factors (e.g. pressure, friction, shear force, heat and moisture), 
and internal factors (e.g. fever, malnutrition, anaemia, and endothelial dysfunction) [1] 
and is unfortunately a common manifestation in an immobile patient. 
 
“A review of epidemiological studies in Europe, Canada and the USA described the 
reported prevalence of pressure ulcers in European hospitals as ranging from 8.3% to 
23%.  In the UK, the overall prevalence of pressure ulcers within care settings was 
10.2%, with 59% of these being hospital-acquired. In the USA and Canada, prevalence 
ranged from 12.3% in US health care facilities, to 33% in patients in the community 
with spinal cord injury, and the overall estimate of pressure ulcer incidence in Canadian 
healthcare settings has been reported as 26%. The presence of pressure ulcers has 
been associated with a two- to four-fold increase in risk of death in older people in 
intensive care units, however, these findings were not adjusted for other prognostic 
factors” [2, 3, 4]. 
 
The development of decubitus ulcers in community and hospital environments 
represent a significant cost burden in the UK, both to patients and to the healthcare 
providers. For the average wheelchair user, the development of pressure ulcers can be 
a major complication in that person’s life, and for some it can be life changing or even 
life threatening.  This cost is likely to increase in the future as the population ages. A 
final and poignant aspect is that globally decubitus ulcers have resulted in over 28,000 
deaths in 2013, increasing from 14,000 deaths in 1990 [5], given the continued aging of 
the population this figure can only increase [6, 7, 8, 9, 10]. 
Part of this research will review some of the current commercial products on the 
market today and how they contribute to the intervention put in place by various health 
organisations in the fight to prevent and treat pressure ulcers. 
This research will look at how a pressure ulcer develops and the causes, the risk 
factors affecting the development of a pressure ulcer and the different types and what 
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intervention is put in place in relation to the support surface(s) that are used, including 
the effect of pressure reducing and pressure re-distributing devices, i.e. Pressure 
relieving cushions as an intervention. Research into the various types of materials and 
the necessary construction features of many types of pressure relieving cushions on 
the markets at present, have shown that very little has been researched in the use of 
knitted 3D spacer fabrics being utilised more fully in the core design of pressure 
relieving cushions. It is this area which will be used to tackle the problem of creating an 
effective composite of materials and construction to create an effective pressure 
relieving wheelchair cushion by using a smart material.  
 
 
1.2     Aims of the research 
        Using an understanding of the causes of ‘decubitus ulcers or pressure ulcers’, the 
aims of this research were to develop novel pressure relieving devices utilising 3D 
warp knitted spacer fabrics. 
This research will review the current commercially available pressure relieving cushion 
products, as well as focusing on the development of appropriate test methods or 
methodologies, as part of the design and development of novel pressure relieving 
devices by using 3D warp knitted spacer fabrics, i.e. pressure relieving wheelchair 
cushions, for wheelchair-bound or immobile patients or individuals. 
This research would look at the development of a pressure relieving cushion, that can 
successfully reduce peak pressure found in the Ischial Tuberosities, the most 
vulnerable part of the human buttocks, in the seated position. This would help decrease 
the overall peak pressure exhibited in the whole area of a wheelchair cushion, when a 
person is seated.  This research would also investigate incorporating flame retardant 
properties within these prototypes. This would ensure the prototypes could meet the 
requirements of BS 5852: 2006 Ignition Source 5 (Crib 5) and BS 7175: 1989 Section 3 
Ignition source 5 test, which are a requirement of the healthcare sector for these 
cushions.  
In summary, the main aim of this research is to develop a fully contoured pressure 
relieving wheelchair cushion, utilising 3D warp knitted spacer fabric, using a unique 
contouring method. This should be a flame-retardant product that can meet the 
regulatory requirement for the healthcare sector, which are the BS 5852: 2006 Ignition 
Source 5 (Crib 5) and BS 7175: 1989 Section 3 Ignition source 5 test. Which can 
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actively reduce pressure in the vulnerable Ischial Tuberosities area at a range of 
applied loads, simulating the average weight of an average person, ie. 8st – 10st.   
 
1.3     Structure of the thesis  
         In order to develop an understanding of the problems caused by pressure ulcers 
and the solutions currently in use, Chapter 2 discusses the published literature on how 
a pressure ulcer develops and its causes, as well as the risk factors affecting the 
development of different types of pressure ulcers. What intervention is put in place in 
relation to the support surface(s), including the effect of pressure reducing and 
pressure re-distributing devices, i.e. pressure relieving cushions as an intervention. 
Chapter 2 also reviews the advantages and disadvantages of the various types of 
wheelchair cushions, with particular interest in the latest smart materials and how they 
are being used in these devices.   
Chapter 3 describes the methodology created for the characterisation of the pressure 
distribution properties that were measured in the 3D knitted spacer fabric wheelchair 
cushions as well as a small selection of commercially available foam wheelchair 
cushions. A modified flame test was used to determine the flammability behaviour of all 
the flat and contoured 3D warp knitted spacer fabric wheelchair cushions.  
Chapter 4 explains the design and development of the prototype 3D warp knitted 
spacer fabric cushions, describing the materials used, the unique features created and 
the final specifications for the prototypes. Chapters 5 and 6 discuss the results 
obtained from the pressure mapping experiments and the flammability characteristics 
examined in the knitted spacer fabrics used in a series of multi-layer cushion 
configurations. The major conclusions derived from the research work and the 
suggestions for further work were described and discussed in Chapter 7. 
Appendix A lists the publications, awards, conferences presentations and the patents 
that have resulted directly from this research work.   
 
  
 
 
 
 
 
 
CHAPTER 2 
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Chapter 2 
Review of Literature 
 
2.0     Introduction 
 
This literature review looks at how a pressure ulcer develops and the causes, the risk 
factors affecting the development of a pressure ulcer and the different types of 
pressure ulcers. 
 In 2006, it has been stated that approximately 412,000 individuals will develop a new 
pressure ulcer annually in the UK [11], resulting in an annual cost of up to £2.1 Billion. 
The cost of each pressure ulcer to the National Health Service is estimated to be 
between £43 for an uncomplicated wound, increasing dramatically to £40,234 for a 
more severe wound. This large expense accounts for 4% of the total annual 
expenditure of the NHS, making pressure ulcers the most serious wounds in the UK 
[11].  
This has become a significant burden to the NHS and the economy in general.  Even 
allowing for inflation, more recent evidence from other countries suggests that this, is a 
substantial underestimate [11]. It has been stated that most pressure ulcers are 
preventable and once an ulcer has developed the costs increase enormously to include 
hospital treatment.  Many resource costs generated from treating these wounds include 
antibiotics, dressings, and specialist redistribution surface devices, while 90% of overall 
costs are consumed by the nursing time [5,12].  
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2.1     Human Anatomy 
The human body is susceptible to developing decubitus ulcers or pressure ulcers on 
many different parts of the body. The pressure points or pressure areas can be 
identified in many areas of the human body in a series of different positions.  This is 
illustrated in Figures 2.1 and 2.2. 
 
 
 
                             Figure 2.1.    Common pressure ulcer locations [13]. 
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Figure 2.2.   Potential areas of for pressure ulcers in lateral, seated and supine 
positions [14]. 
 
 
 
Significant weight bearing areas were identified by Meschan [15] and Peterson 
et al [16], as the ischial tuberosities, the sacral coccygeal area, the greater and lesser 
trochanters and the intertrochanteric crests, which receive excessive pressures when a 
person is in a sitting position.   
The ischial tuberosities are located approximately 10cm apart in females and slightly 
nearer in males [15], as illustrated in Figure 2.3.  The weight distribution is mainly over 
the tips of the ischial tuberosities when sitting in a normal erect position with no pelvic 
tilt.  
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Figure 2.3   Anatomy of the female and male pelvis [15] 
 
Typically, the ischial tuberosities lie 5 – 13 cm from the back of a typical wheelchair 
back panel.  The ischial tuberosities can be seen in Figure 2.4.   With a patient sitting in 
a ‘slumped’ position the ischial tuberosities are orientated into a new position with the 
‘symphysis pubis’ tilted up and the ischial tuberosities displaced forward in the 
wheelchair. Weight-bearing then takes place on the posterior tips of the ischial 
tuberosities, see Figure 2.5 [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4. Drawing showing the position 
of the ischial tuberosities in relationship to 
the wheelchair back panel with pelvis in a 
sitting position [16].
 
 
Figure 2.5. Drawing showing the 
increased distance of the ischial 
tuberosities away from the wheelchair back 
panel with pelvis in a slumped position [16].
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Patients with poor trunk control will exhibit the pelvis tilted posteriorly, the weight 
bearing surface becomes the ‘sacrococcygeal’, this is illustrated in Figure 2.6 [16].  
This demonstrates the importance of posture and the support of a therapeutic posture 
while in a seated position. This will become an important aspect of intervention with 
regards to preventing pressure ulcers.  
 
 
 
 
In the thigh area, the weight-bearing surfaces of the greater and lesser trochanters and 
the intertrochanteric crests, are areas of low pressure except in the cases of improperly 
adjusted wheelchair footrests, or atrophy of the posterior thigh and hip musculature 
[17].  
The pressure applied in these areas of can be changed by specific situations, such as: 
i. Pelvic tilt caused by postural changes, including the rotation of the pelvis. (The 
patient must be in his natural sitting posture for this to be correctly evaluated.) 
ii. Increased pressure over the bony prominences caused by the continuous 
atrophy of the gluteal and posterior thigh muscles. 
iii. Poor adjustments of wheelchair footplates can effectively increase the pressure 
over the Ischial tuberosities.  
iv. Orthopaedic surgeries, such as, amputations, total hip replacements, ischial 
tuberosity resections or pathological conditions in the hip joint, e.g., arthritis and 
heterotopic ossification, can create altered sitting postures resulting in 
increased pressure in these vulnerable areas. 
These anatomical pointers take on a significant importance when used in the 
development of an effective contoured pressure relieving wheelchair cushion [16].   
 
Figure 2.6. Drawing of the pelvis tilted 
significantly backward making the weight-
bearing surface the sacrum and coccyx [16].
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2.2.   Pressure Ulcers and their causes 
 
2.2.1.   Decubitus Ulcers 
 
Decubitus ulcers also known as pressure ulcers, pressure sores, or bed sores 
are areas of damage to the skin and underlying tissues, that are caused by the 
application of sustained pressure, rubbing, or friction to that area [18, 2]. These areas 
are usually located over bony prominences and their severity are classified by the 
amount of tissue damage produced in that area [19].   
Research carried out in 1930 [20] stated that the pressure in the arteriolar limb of a 
capillary in the human finger averaged about 32 mmHg. This value was then 
mistakenly generalised to be the pressure required to compress capillaries to prevent 
blood flow (the capillary closing pressure) and the pressure below which pressure 
redistributing devices aimed to reduce the interface pressure. However, many other 
studies and research also demonstrated a wide range of pressures in capillaries at 
various anatomical locations, with values dependent on age and associated disease 
[21].  
 
2.2.2  Types of pressures ulcers 
Pressure ulcers are graded or assessed against 4 stages or categories. This 
pressure ulcer classification is used widely across the UK. The term category, rather 
than grade or stage, is now preferred [22, 23].  
Category I Pressure ulcer: Non-blanchable erythema –  
Briefly, this grade can be described as a non-blanchable erythema of intact skin 
(not effected by light finger pressure).  
Discolouration of the skin, the skin appears reddened and does not blanch 
when pressure is applied; warmth, the skin temperature is often warmer than 
the surrounding area; the skin may be painful, but it has no visible breaks or 
tears; an ulcer that feels firmer or softer than the area around it may also be 
used as indicators, particularly in people with darker pigmentation. In the dark-
skinned person, the area may also appear to be a different colour from the 
surrounding skin, but it may not look red.  Category 1 may be difficult to detect 
in individuals with dark skin tones, see Figure 2.7. This category may indicate 
an “at risk” person [22, 23]. 
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Figure 2.7.   Category I Pressure ulcer [24] 
 
Category II Pressure ulcer: Partial thickness –  
This stage is characterised as “Partial thickness loss of dermis presenting as a 
shallow open ulcer with a red pink wound bed, without slough”. It may also 
present as an intact or open/ruptured serum-filled or serosanguinous filled 
(blood & serum filled) blister. It also presents as a shiny or dry shallow ulcer 
without slough or bruising. This stage would not be used to describe skin tears, 
tape burns, incontinence associated dermatitis, maceration or excoriation. 
Bruising indicates deep tissue injury, see Figure 2.8, [22, 23]. 
 
Figure 2.8.   Category II Pressure ulcer [24] 
 
Category I 
Category II 
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Category III Pressure ulcer: Full thickness skin loss – 
Characterised as “Full thickness tissue loss”. Subcutaneous fat may be visible 
but bone, tendon or muscle are not exposed. Slough (a layer or mass of dead 
tissue separated from livening tissue) may be present but does not obscure the 
depth of tissue loss. This stage may include ‘undermining’ and ‘tunnelling’. The 
depth of a stage III pressure ulcer varies by anatomical location. The bridge of 
the nose, ear, occiput and malleolus do not have (adipose) subcutaneous tissue 
and stage III ulcers can be shallow. In contrast, areas of significant adiposity 
can develop extremely deep stage III pressure ulcers. Bone/tendon is not 
visible or directly palpable, see Figure 2.9, [22, 23]. 
 
 
 
Figure 2.9. Category III Pressure ulcer, with curled under wound edges (with Epibole) 
[24] 
 
 
Category IV Pressure ulcer: Full thickness tissue loss –  
 
Described as a “Full thickness tissue loss with exposed bone, tendon or 
muscle.”  Slough or eschar may be present and often includes undermining and 
tunnelling. The depth of a category IV pressure ulcer varies with anatomical 
location.  
The bridge of the nose, ear, occiput and malleolus do not have (adipose) 
subcutaneous tissue and these ulcers can also be shallow.  
Category III 
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Stage IV ulcers can extend into the muscle and/or supporting structures (e.g., 
fascia, tendon or joint capsule) making osteomyelitis or osteitis (inflammatory 
disease of the bone and inflammation of bony tissue respectively) more likely to 
occur. Exposed bone/muscle is visible or directly palpable (able to be touched 
or felt) [22, 23]. Individuals with category four type pressure ulcers have a much 
higher risk of developing life-threatening infections, see Figure 2.10.  
  
Figure 2.10.  Category IV Pressure ulcer [24] 
  
The additional category of unstageable is also recommended by the Tissue Viability 
Society for reporting systems within England [24]. 
 
Unstageable/ Unclassified: Full thickness skin or tissue loss, depth unknown –  
Full thickness tissue loss in which the actual depth of the ulcer is completely 
obscured by slough (yellow, tan, grey, green or brown) and/or eschar (tan, 
brown or black) in the wound bed, see Figure 2.11, [24]. 
Category IV 
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Figure 2.11.   Unstageable/Unclassified Pressure ulcer  [24] 
 
Additional Stages for the USA 
Unstageable/Unclassified: Full thickness skin or tissue loss, depth unknown –  
Catergorised for the USA as “Full thickness tissue loss” in which the actual 
depth of the pressure ulcer is completely obscured by slough (yellow, tan, gray, 
green or brown) and/or eschar (tan, brown or black) in the wound bed. The true 
depth can only be  determined by the removal of the slough and/or eschar 
to expose the base of the wound, until then it will be either a Category/Stage III 
or IV.   Stable (dry, adherent, intact without erythema or fluctuance) eschar on 
the heels serves as “the body’s natural (biological) cover” and is not removed 
[22, 23]. 
 
Suspected Deep Tissue Injury : Depth unknown –  
Purple or maroon localised area of discoloured intact skin or blood-filled 
blister, due to damage of the underlying soft tissue from pressure and/or shear. 
The area may be preceded by tissue that is painful, firm, mushy, boggy, warmer 
or cooler as compared to adjacent tissue. Deep tissue injury may be difficult to 
detect in individuals with dark skin tones. The development may include a thin 
blister over a dark wound bed, see Figure 2.12, [24]. The wound may further 
Category - Unstageable 
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evolve and become covered by thin eschar. The progression may be rapid 
exposure of additional layers of tissue even with optimal treatment.  
 
 
                    Figure 2.12. Deep tissue pressure injury.[24]   
 
2.2.3 Complications of pressure ulcers 
The complications that can develop from untreated pressure ulcers include a wide 
variety of secondary conditions, including: 
• Sepsis (bacteria entering the bloodstream). 
• Cellulitis (inflammation of body tissue, causing swelling and redness). 
• Bone and joint infections. 
• Abscess (a collection of pus). 
• Cancer (squamous cell carcinoma). 
 
 
2.2.4  Predicting the risk of pressure ulcers - Assessment methods 
There are three methods currently being used around the world to risk assess a 
patient for developing pressure ulcers; the Braden scale; the Waterlow scale and the 
Norton scale. 
The Braden scale is a clinically validated tool that allows nurses and other healthcare 
providers to fairly and reliably score a person’s level of risk of developing pressure 
ulcers by assessing six subscales, see Table 2.1[18, 25, 26].
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Table 2.1.   The Braden Scale: a score of 16 or below indicates that the patient is AT RISK  
           of pressure sore development.; the lower the score the higher the risk [18, 25, 26] 
 
BRADEN SCALE  
SENSORY 
PERCEPTION  
1. Completely limited 2. Very limited  3. Slightly limited  4. No impairment  
Ability to 
respond 
meaningfully 
to pressure-
related 
discomfort 
Completely limited: 
Unresponsive (does not 
moan, flinch, or grasp) to 
painful stimuli because of 
diminished level of 
consciousness or sedation 
or Limited ability to feel 
pain over most of body 
surface or discomfort over 
half of body 
Very limited. Responds 
only to painful stimuli; 
cannot communicate 
discomfort except by 
moaning or restlessness 
or Has a sensory 
impairment that limits 
the ability to feel pain on 
one or two extremities 
Slightly limited: 
Responds to verbal 
commands but cannot 
always communicate 
discomfort or the need 
to be turned or Has some 
sensory impairment, 
which limits ability to 
feel pain or discomfort 
No impairment: 
Responds to verbal 
commands; has no 
sensory deficit that could 
limit ability to feel or 
voice pain or discomfort 
MOISTURE 1. Completely moist 2. Very moist  3. Occasionally moist 4. Rarely moist  
Degree to 
which skin is 
exposed to 
moisture 
Constantly moist: skin is 
kept moist almost 
constantly by perspiration, 
urine, and the like; 
dampness is detected 
every time patient is 
moved or turned 
Very moist: Skin is often, 
but not always, moist; 
linens must be changed 
at least once a shift 
Occasionally moist: skin 
is occasionally moist, 
requiring an extra linen 
change approximately 
once a day 
Rarely moist: Skin is 
usually dry; linen 
requires changing only at 
routine intervals 
ACTIVITY 1. Bedfast   2. Chairfast  3. Walks occasionally  4. Walks frequently  
Degree of 
physical 
activity 
Bedridden: Confined to bed Chair fast: Ability to walk 
severely limited or non-
existent; cannot bear 
own weight and/or must 
be assisted into chair or 
wheelchair 
Walks occasionally: 
walks occasionally during 
day, but for very short 
distances, with or 
without assistance; 
spends majority of each 
shift on bed or chair 
Walks frequently: walks 
outside room at least 
twice a day and inside 
room at least once every 
2 hours during waking 
hours 
MOBILITY 1. Completely immobile   2. Very limited 3. Slightly limited  4. No impairment  
Ability to 
change and 
control body 
position 
Completely immobile: does 
not make even slight light 
changes in body or 
extremity position without 
assistance 
Very limited: Makes 
occasional slight changes 
in body or extremity 
position but is unable to 
make frequent or 
significant changes 
independently 
Slightly limited: makes 
frequent although slight 
changes in body or 
extremity position 
independently 
No limitations: makes 
major and frequent body 
position changes without 
assistance 
NUTRITION 1. Very poor   2. Probably inadequate 3. Adequate   4. Excellent  
Usual food 
intake pattern 
Very poor: Never eats 
complete meal; rarely eats 
more than one third of any 
food offered; eats two 
servings or less of protein 
(meat or dairy products) 
per day; takes fluids 
poorly; does not take a 
liquid dietary 
supplementary receives 
nothing by mouth and/or is 
maintained on clear liquids 
or intravenous 
Probably inadequate: 
rarely eats a complete 
meal; generally, eats 
only approximately half 
of any food offered; 
protein intake includes 
only three servings of 
meat or dairy products 
per day; occasionally 
takes a dietary 
supplementary receives 
less than optimal 
amount of liquid diet or 
tube feeding solutions 
for more than 5 days 
Adequate: Eats more 
than half of most meals; 
eats a total of four 
servings of protein (meat 
or dairy products) each 
day; occasionally refuses 
a meal, but usually takes 
a supplement if offered 
or is on a tube feeding or 
total parenteral nutrition 
regimen that probably 
meets most of 
nutritional needs 
Excellent: Eats most of 
every meal; never 
refuses meal; usually 
eats total of four or more 
servings of meat and 
dairy products per day; 
occasionally eats 
between meals, does not 
require supplements 
FRICTION 
AND SHEAR 
3. Problem  4. Potential problem  3. No apparent 
problem 
 
 Problem: Requires 
moderate to maximal 
assistance in moving; 
complete lifting without 
sliding against sheets is 
impossible; frequently 
slides down in bed or chair, 
requiring frequent 
repositioning with maximal 
assistance; spasticity, 
contractions, or agitation 
leads to almost constant 
friction 
Potential problem: 
moves feebly or requires 
minimal assistance; 
during a move, skin 
probably slides to some 
extent against sheets, 
chair, restraints, or other 
devices; maintains 
relatively good position 
in chair or bed most of 
the time but occasionally 
slides down 
No apparent problem: 
moves in bed and in 
chair independently and 
has sufficient muscle 
strength to sit up 
completely during move; 
maintains good position 
in bed or chair at all 
times 
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The Waterlow scale, is a tool to assist in the assessment of risk of a patient/client 
developing a pressure ulcer.  The Waterlow is based on of seven criteria, seen in Table 
2.2 [18, 25, 26]. This tool identifies three 'at risk' categories (see Table 2.2),  
1.  a score of 10-14 indicates 'at risk' 
2.  a score of 15-19 indicates 'high risk', 
3.  a score of 20 and above indicates very high risk. 
 
Table 2.2.   The Waterlow Scale [18, 25, 26]. 
 
The Norton scale was devised in 1962 by Doreen Norton [27] and was one of the first 
assessment tools, which were specifically designed for an elderly care environment. It 
consists of five key risk factors that are further separated into sub-divisions, with one or 
two word descriptions to describe variations of each risk factor. Using this tool, the 
descriptions with the lowest value represents the worst scenario. The range of possible 
total scores varied between 5 and 20, with an arbitrary cut-off score of 14, which 
equates to the individual being ‘at risk’, see Table 2.3.  
These assessment tools’ criteria have been compared in Table 2.4. 
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Table 2.3.  Norton Scale: a total score of 16 or below indicates a patient is AT RISK and 
preventative measures should be taken. The lower the total, the greater the risk [25, 26]. 
 
 
Table 2.4.   Comparison of pressure ulcer risk assessment methods [28]. 
 
Comparison of variables considered in various scales used to assess risk of 
pressure ulcers 
(18)
 
 
   
Braden scale Norton scale Waterlow scale 
Sensory perception Physical condition Sex 
Moisture Mental status Age 
Activity Activity Build 
Mobility Mobility Appetite 
Nutrition status Continence Nurses’ visual assessment of skin 
condition  
Friction/shear  Mobility 
  Continence 
  Factors contributing to tissue 
malnutrition 
  Neurologic deficits 
  Major surgery or trauma 
  Medication 
 
These categories of risk assessment are also used to categorise the different types of 
pressure relieving cushions.  
 
2.2.5 Aetiology or causes 
The pressure ulcers are caused by impaired blood supply and tissue malnutrition, as a 
result of prolonged pressure, friction, or shear. The development occurs with the 
disruption of the vascular network of arteries, arterioles and capillaries [28]. Tissue 
compression exceeding the capillary filling pressure of 32 mmHg, that lasts longer than 
2 hours, can cause local ischemia and necrosis. Skin overlying bony prominences (eg, 
sacrum, malleoli, or hips) are especially vulnerable [29].  
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As regards the pressure, the intensity, duration, and the tissue's tolerance for pressure, 
must be considered [30].  Not only the intense pressure, but also moderate pressure 
acting continuously over a long period of time can result in ulcer formation [30].  A 
theory was put forward, that the duration of the pressure was more important than the 
amount of pressure sustained by the capillaries [31].  This being the case, the pressure 
is one of the most important factors in the formation of pressure ulcers, but not limited 
to only this component or factor [30, 32, 33, 34].  
There are different types of pressure which can cause a pressure ulcer and these are: 
 Interface pressure – which occurs with the pressure of the body pressing the 
skin down onto a firm surface, which can be either, a bed, a wheelchair, or 
cushion etc.  
 Shear – this is pressure which occurs, when layers of skin are forced to slide 
over one another, or deeper layers of tissue slide over one another. Shear can 
occur when a person slides down or is pulled up, out of a bed or out of a 
wheelchair  
 Friction – this pressure is caused by something rubbing against the surface of 
the skin, such as a mattress, cushion or clothing [35]. 
 
In an alert person, the body’s motor and sensory systems are responsible for relieving 
the effects of a continuous load or pressure, which usually results in the initiation of 
frequent small body movements and periodic changes to their posture to relieve the 
load and restore tissue perfusion [36]. This form of subconscious postural shifts or 
fidgeting ensures that we move when needed.  
 
Many people at risk of developing pressure ulcers are either, unable to effectively 
reposition themselves, or are not provided with the sensory feedback that prompts the 
required subconscious movements.  In the case of patients who are unconscious, 
sedated, anaesthetised, have limited mobility, or are paralysed and therefore cannot 
sense or respond to these signals, cannot initiate these spontaneous movements. This 
can result in the skin and soft tissues being subjected to, prolonged and unrelieved 
pressures if no intervention is put in place. Therefore, people with medical condition 
that limits their ability to change positions, requires them to use a wheelchair or 
confines them to a bed for long periods of time are most at risk of pressure ulcers [37]. 
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2.2.5.1. Interface pressure                              
This type of pressure can be defined as pressure applied perpendicular or at right 
angle to a surface. Where the same amount of force is applied to both a small and 
large area, a greater pressure is exerted on the smaller area than the larger, see 
Figure 2.13 [38, 39]. 
              Figure 2.13.   Diagrammatic definition of pressure [38, 39] 
 
When the pressure over the bony prominences distorts the skin and underlying tissues, 
internal stresses have also been found to be ‘tensile’ due to stretching and ‘shear’ 
caused by the distortions. This can mean that even when pressure is applied 
perpendicular, tensile and shear can also occur within the underlying soft tissues near 
bony prominences, see Figure 2.14 [38, 39, 40].  The MRI (Magnetic resonance 
imaging) studies shown in Figure 2.15 also illustrates significant distortion during 
loading [41]. The pressure exhibited at the intersection between the skin (or skin & 
clothing) and a support surface (bed, mattress, wheelchair, wheelchair cushion) is 
sometimes called the 'interface pressure'. 
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   Figure 2.14.  Tissue distortion due to pressure. 
                Bending of the lines in (b) shows that when external pressure is applied    
              over a bony prominence, compressive, shear (distorting) and tensile  
              (stretching) stresses occur.  [38, 40] 
 
 
Figure 2.15.   MRI showing the effect on the tissues during the application & non-
application of load during sitting. [41] 
 
Chapter 2 
Carol Diane Hepburn                                                                                                             23 | P a g e  
 
 
2.2.5.2.       Shear 
Shear stress is the application force parallel or tangential to the surface of an 
object with the base of the object remaining stationary. This causes the object to 
change shape or deform. Shear stress is expressed in similar terms as pressure, most 
frequently as pascals (Pa), or sometimes as newtons/square metre (N/m2).  
Shear stress =             Tangential force applied (N)  
(pascals or                   Area of application of force (m2) 
 N/m2) 
1Pa = 1N/m2 1kPa = 1000N/m2                        ------------  Equation 2.1 
 
The effect of shear stress on the internal tissues can be seen in Figure 2.16 [38, 42].  
With the application of shear force, friction between the skin and the support surface 
has the tendency to hold the skin in place, while deeper tissues are displaced. The 
amount of displacement, i.e. shear strain, is greater in the vicinity of the bone than in 
the superficial tissue layers. 
 
 
Figure 2.16.  Effect of shear stress on body tissue layers [38, 42]. 
. 
 
The areas of greatest shear stress are near the bony prominences, where interface 
pressures tend to be the highest. This can mean patients with slender body types have 
a tendency to have higher shear stress in the coccyx and sacrum, than do obese body 
types.  This effect prevents the blood flow within the blood vessels in these areas, by 
several mechanisms, such as; direct compression and occlusion of blood vessels, 
stretching and narrowing of the dermal capillary beds – when sufficiently high shear 
stresses are applied, the internal diameter of the capillaries becomes inadequate for 
blood flow [43, 44]; bending and pinching the blood vessels running perpendicular to 
the skin surface [38, 45]. 
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2.2.5.3.       Friction 
Friction is the force that counters the relative motion of two objects that are touching 
and is measured in Newtons (N). However, the term 'friction' as mentioned before, is 
also frequently used to mean the action of one object rubbing against the other. Friction 
helps in the development of shear stresses with the human body, by keeping the skin 
in place against a support surface while the rest of the body moves towards the foot of 
a bed or the edge of a seat. The relative movement of the skin and underlying tissues 
causes shear stresses to develop in the soft tissues overlying the bony prominences 
such as the sacrum [38, 39]. 
 
2.2.5.4. Additional causes for pressure ulcers 
As mentioned previously the pressure is not the only factor in the causes of pressure 
ulcers. Other extrinsic or external factors, in addition to pressure, friction and shear, are 
moisture and heat (sometimes encompassed as the microclimate). The intrinsic factors 
are, reduced mobility, impaired sensation, acute, chronic or terminal illness, pyrexia 
(high temperature), dehydration, incontinence/other moisture sources, vascular 
disease, malnutrition, a history of pressure ulcers, pain effecting the desire to reposition 
themselves, some types of medication (e.g. steroids), old age, levels of consciousness 
and cognitive status [46, 47]. This list is not exhaustive. 
2.2.5.4.1 The microclimate   
The microclimate, identified as the environment near the interface with skin/clothing 
and the support surface, has a direct relationship with some of the extrinsic factors, 
such as heat and moisture. Many studies have stated that the microclimate includes 
the skin temperature and skin moisture between the patient’s interface with the skin 
and the support surface, this sometimes includes air movement. 
An increase in skin moisture contributes to a series of damaging forces, such as 
maceration leading to skin breakdown, it weakens the stratum corneum (outer layer of 
the epidermis or skin), leading to skin damage [48, 49, 50].  Equally, excessive dryness 
can lead to skin damage by cracking.  A reduction in skin resilience and an increase in 
the skin’s coefficient of friction due to skin moisture from increased perspiration, will 
also give rise to an increase in shear stresses and friction, making the individual prone 
to pressure ulcers. When the skin temperature is above approximately 33°C, local 
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perspiration (sweat) is increased considerably. When the ambient humidity is also too 
high, the evaporation is slow and the perspiration accumulates on the skin surface, 
also giving raise to the ideal environment for the development of a pressure ulcer.  
Other factors that can increase excessive moisture on the skin surface as well as 
perspiration are, urinary or faecal incontinence, wound/fistula drainage or vomit. All 
these components increase the risk of pressure ulcerations by weakening the cross 
linkages between the collagen and damaging the epidermis.  
Another significant risk factor for pressure ulcers is an increased body temperature 
(pyrexia). An increased skin temperature is related to pressure ulceration by increasing 
susceptibility to the ischaemic effects of the pressure and shear stresses and by 
weakening the stratum corneum.  
Whether a support surface will have an impact on the microclimate will depend on the 
characteristics of the support surface. For materials, such as foam, the surfaces have 
poor heat transfer properties, gel-filled products have a cooling effect, however, these 
wear off after time exceeding 2 hours [38] and can increase the humidity in that area. 
Fluid-filled products and alternating pressure air mattresses, both reduce skin 
temperatures [38, 50, 51]. Fabrics, such as 3D knitted spacer fabrics have the 
properties which dissipate heat and help to evaporate moisture [52, 53, 54, 84].  
 
2.3    Prevention                  
The solutions to combat pressure ulcers come in a variety of combinations, in which no 
one solution can be used in isolation.  
The solutions to pressure ulcers come in the form of ‘Interventions’, pressure-relieving 
cushions, beds and mattresses can either mould around the shape of a patient to 
distribute the patient’s weight over a larger contact area (using constant low-pressure 
devices) (CLP); or vary the pressure beneath the patient mechanically, resulting in a 
reduction in the time pressure is applied in one area (alternating-pressure devices) 
(AP). These are mainly classified as being of a lower technological specification (i.e. 
“low-tech”).  
By comparison, air-fluidised devices, where warmed air circulates through fine ceramic 
beads covered by a permeable sheet, and low air-loss beds, where patients are 
supported on a series of air sacs through which warmed air passes, are high-
specification CLP devices. Alternating-pressure devices generate alternating high and 
low interface pressures between the body and its support, usually by alternate inflation 
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and deflation of air-filled cells.  These devices are available in the form of cushions, 
mattress overlays, and single-or multi-layer mattress replacements. These devices are 
classified as being high specification (i.e. “high-tech”) [5].  
 
2.4     Pressure relieving devices 
The two main categories of pressure relieving devices used to assist in the prevention 
and treatment of pressure ulcers are, as follows: 
I. ‘Low-Tech’ devices – use of a conforming support surface to 
distribute/redistribute the pressure created by the body weight over a large 
surface area. Sometimes known as ‘static support surfaces’. 
II. ‘High-Tech’ devices – use of an alternating support surface where inflatable 
cells alternately inflate and deflate, also known as dynamic support 
surfaces. [55, 56, 57]. 
The pressure relieving devices vary in the mechanisms and materials that are used, 
e.g. the constant low pressure device generally moulds around the patients/individuals 
to help re-distribute their weight over a larger area. While alternating pressure devices 
mechanically vary the pressure beneath the patients/individuals, so that the time spent 
in exerting the pressure, on any one area is greatly reduced [55].   
The variety of devices that come under the category of ‘Low-Tech surfaces’ (i.e. 
static support surfaces) are [55]: 
o standard foam mattresses & cushions; 
o alternative foam mattresses/overlays & cushions, e.g. high specification; 
foam, viscoelastic, convoluted foam, cubed foam, honey-comb foam 
(these are conforming and aid the re-distribution of pressure); 
o gel-filled mattresses/overlays & cushions; 
o bead-filled mattresses/overlays & cushions; 
o air-filled mattresses/overlays & cushions; 
o water-filled mattresses/overlays & cushions; 
o fibre-filled mattresses/overlays & cushions; and 
o sheepskins. 
The devices providing relief from pressure by using technology to create dynamic 
surfaces come under the ‘High-tech surfaces’ category and include: 
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o alternating-pressure mattresses/overlay & cushions: the patient lies on 
air-filled sacs, which sequentially inflate and deflate and relieve pressure 
at different anatomical sites for short periods; these devices may 
incorporate a pressure sensor;  
o air-fluidised beds/mattresses/overlays: warm air is circulated through 
fine ceramic beads covered by a permeable sheet; these allow support 
over a larger contact area;  
o low-air-loss overlays/mattresses/beds: patients are supported on air-
filled sacs inflated at a constant pressure, through which air is able to 
pass; and 
o turning beds/frames: (kinetic beds) beds that either aid manual 
repositioning of the patient or reposition the patient by motor-driven 
turning and tilting [55, 56, 57]. 
Virtually all wheelchair users use a wheelchair cushion which plays an important role in 
comfort, stability, postural support and pressure ulcer prevention.     
Over the years, many different types of wheelchair cushions have been developed to 
reduce the incidence of pressure ulcers. Most of these cushions have been designed to 
reduce, or alternate the pressure under the buttock area. The effect of load on tissue 
damage has been studied in a variety of ways and the pressure has generally been 
accepted as a primary cause of tissue damage. Recently, tissue distortion, or shear 
has also been cited as an important factor in the cause of tissue damage [58, 59, 60, 
100], this should be taken into account in the development of pressure relieving 
devices. 
Two important principles on how effective pressure re-distribution should work, 
are by ‘Immersion’ and ‘Envelopment’, see Figure 2.17 [38, 39]. 
Immersion is the ability of a support surface to allow an object or person to sink or 
descend into the support material, allowing more surface contact and thereby re-
distributing the pressure over a much greater surface area. Thus, reducing the overall 
pressure exhibited.  
Envelopment is the process by which a support surface moulds to the body contours, 
accommodating irregular shapes & curves. These can include interruptions of 
additional coverings such as, mattress covers, sheets, cushion covers etc., these 
objects can cause ‘hammocking’ which can increase pressure and have a detrimental 
effect on the support surface, negating the immersion or envelopment properties [39]. 
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An effective pressure relieving device would need to exhibit the right amount of 
immersion and envelopment properties, as too much could affect the mobility of the 
individual. 
 
                                  Figure 2.17.    Immersion and Envelopment. [38, 39] 
 
2.5. Current Pressure relieving cushions 
In the 1970’s and 1980’s, Cochran [61] grouped cushions into four major 
categories: foam, viscoelastic foam, gels, and fluid floatation. These categories, plus 
the addition of viscoelastic fluid described the components of nearly all available 
commercial cushions at that time.  Although limitations were identified, Cochran and 
Palmieri utilised American Society for Testing and Materials (ASTM) standards for 
foams, [58, 59, 62] as a starting point for testing wheelchair cushions. Their project 
drew upon foam and other standards to form preliminary guidelines for cushion-
material testing [61, 62].  
 
2.5.1. Materials 
The main materials used in wheelchair cushion construction more recently are, 
standard foam, viscoelastic foam, gel, viscous fluid, and air. The pressure-redistributing 
properties of some of these materials are temperature and/or time dependent. 
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2.5.1.1    Cushion material characterisation: 
Wheelchair cushions were divided into the following groups, as defined by Sprigle in 
2001 [63]: 
1. Cellular Materials: 
Foam: A lightweight cellular material resulting from the introduction of gas bubbles into 
a reacting polymer, describes most elastic or polyurethane foams employed in support 
surfaces. Foam can be open (polyurethane, latex), or closed cell (Ethafoam, MiniCell, 
Constructa Foam by Alimed [64]). ‘Constructa’ Foam is lightweight, rigid, closed-cell 
polyethylene based foam material designed to be simultaneously firm, supportive, and 
resilient. Suggested uses are customised positioning, seating, and support systems. 
The foam is generally covered because its surface is somewhat abrasive to the touch. 
Although when laminated to other textile fabrics, giving properties of added bulk, 
softness, flexibility and resilience, foam still has some serious draw backs such as, 
flammability, poor thermopyhsiological properties and deteriorating compression and 
resilience properties over time. Laundering characteristics also include, poor washing 
and drying properties [54].  
Flexible matrix: Cellular, flexible matrices employed in support surfaces (e.g., 
Stimulite by Supracor [65]). 
Viscoelastic foam: Foam or flexible matrix material that has both elastic 
(displacement-dependent) and viscous (time-dependent) properties. Since the viscous 
properties differentiate these materials from regular, or elastic ‘foam’, viscoelastic foam 
is defined by time dependent behaviours such as, stress relaxation, creep, and 
hysteresis, sometimes called ‘memory foam’. (T-Foam by Alimed, Matrx Flo-tech Lite 
Visco®  by Invacare, SunMate® by Dynamite Systems Inc, and Tempur-Med by Sumed) 
[64, 66, 67, 68].  
Non-deforming foam or matrix: Support material that does not deflect or deform 
under clinical loads, this is often used in cushion bases (Freedom Designs, Jay) and is 
characterised by high stiffness. 
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2. Fluid materials: 
Viscoelastic fluid:  A relatively incompressible substance that can flow under small 
stresses and exhibits both elastic (ability to store energy) and viscous (resistance to 
flow) properties. (Cloud by Ottobock uses viscoelastic fluids, as does Jay cushions) 
[69]. 
Air cushion:  A cushion with an impermeable membrane containing air (Roho by 
Sumed, BBD by Rand-Scot) [70, 71].  
Water cushion:  A cushion with an impermeable membrane containing water (Lotus 
Water Flotation by Tristate) [72]. 
 
3. Other Cushion Constructions: 
Solid elastomer and solid gel: Solid rubber-like material, relatively incompressible 
polymer that resists and recovers from deformation. (Akton pads are an elastomer 
manufactured by Sumed, while Alimed uses gel) [64, 67, 73]. 
Cushion with displacing solid elements: A cushion made of solid, relatively 
incompressible components that displace under load (e.g., Vicair-Invacare). 
 
In 2001 these groups were quite comprehensive, now, they have expanded. Under the 
‘Other Cushion constructions’, additional groups now include Hybrid types and 3D 
spacer fabrics can now be added. 
3D spacer fabric:  3D spacer fabrics are materials, which consist of two face fabrics 
simultaneously woven, or knitted and connected to form a structure in three directions 
in a single process. The fabrics consist of upper and lower fabric layers interconnected 
by a resilient monofilament yarn, which represents the height of the spacer fabric. The 
basis of this research focuses upon knitted spacer fabrics, which are the most 
advanced of these three-dimensional textile structures.  
A more detailed comparison of some of the more recent cushion groups can be seen in 
Table 2.5a, 2.5b and 2.5c [74, 75] and a variety of cushions can be seen in Figure 
2.20. 
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Table 2.5a.    A summary of cushion material characteristics – Cellular materials – A    
                      [74, 75].   
Type Advantages Disadvantages Examples 
                          Cellular materials  
FOAM Open-cell 
has inter connect 
perforated cells  
Lightweight; 
inexpensive Allows 
better ventilation; 
less dense than 
closed cell. 
If too soft will ‘bottom-
out’; traps heat. 
Deteriorates with light 
& moisture 
Polyurethane and 
latex  
FOAM Closed-cell, 
composed of encased 
individual cells  
Lightweight; easy to 
shape; good base 
for soft foams. 
Breaks down quicker 
than other foams; 
tends to be rigid; will 
break down with 
moisture & heat; less 
ventilation.  
Ethafoam, Jay 
basic or 
ConstructaFoam 
VISCOELASTIC Foam or 
Matrix, available in 
different densities. 
Sometimes called 
‘Memory foam’, with time 
dependant viscous 
properties. 
Adjusts to a load 
slowly; good thermal 
properties; stable 
base provided by 
good envelopment. 
Degree of 
envelopment can 
increase the sliding 
resistance; resilience 
and dampening are 
variable depending 
on the density. 
Matrx Flo-tech 
Lite Visco®, 
SunMate®, T-
foam or Tempur-
Med 
FLEXIBLE MATRIX, 
layers of interconnected 
flexible open cells 
Conforms to user’s 
body providing 
pressure distribution 
Less envelopment 
than viscoelastic 
products 
Stimulite® 
NON-DEFORMING 
FOAM or MATRIX, these 
do not deflect or deform 
under clinical weight, 
often used the base, due 
to high stiffness. 
  Jay, Freedom 
Design cushions 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
Carol Diane Hepburn                                                                                                             32 | P a g e  
 
 
 
Table 2.5b.    A summary of cushion material characteristics – Fluid materials – B [74,    
                       75]. 
Type Advantages Disadvantages Examples 
                      Fluid materials  
AIR-FILLED: with an 
impermeable membrane 
full of air. 
Good long and short 
term resilience; 
pressure distribution 
depends on 
maintenance; many 
models can be inflated 
to different degrees; 
lightweight; materials 
do not deteriorate over 
time. 
Must be properly 
inflated, over inflation 
results in poor stability 
and envelopment; under 
inflation results in 
‘bottoming out’; high 
maintenance and poor 
sensation could lead to 
non-detection of 
insufficient inflation. 
Roho®, BBD or 
Repose® 
cushions 
VISCOELASTIC FLUID: 
incompressible gel 
substance that can flow 
under small stresses and 
exhibits both elastic and 
viscous properties 
Good dampening 
and thermal 
properties; provides 
a stable base. 
Poor envelopment, 
short and long term 
resilience; affected by 
temp
o
, will freeze in 
cold weather; fluid can 
shift creating a 
‘bottoming out’; 
requires kneading to 
ensure uniform gel 
distribution. 
Cloud, Action or 
Jay cushions 
WATER, with an 
impermeable membrane 
full of water, classed as a 
low viscose fluid. Majority 
of cushions are water/gel 
mixes. 
Good dampening 
and thermal 
properties; provides 
a stable base. 
Affected by temp
o
, will 
freeze in cold 
weather; fluid can shift 
creating a ‘bottoming 
out’ 
Water/Gel Filled 
Cushion 
 
Table 2.5c.    A summary of cushion material characteristics – Other constructions – C  
                      [74, 75] 
Type Advantages Disadvantages Examples 
Other constructions  
SOLID ELASTOMER 
AND SOLID GEL 
 Weight varies 
depending on 
materials. 
Maintenance varies 
depending on 
materials 
AliMed® T-Gel™ 
Checkerboard 
Cushion 
HYBRID:  
Most common are a 
combination of closed-cell 
foam and gel or air on 
top. 
Good envelopment, 
thermal properties 
and pressure 
distribution 
Weight varies 
depending on 
materials. 
Maintenance varies 
depending on 
materials 
Akton pads, 
Cloud, 
Invacare® 
Infinity or Jay 
cushions  
3D SPACER FABRIC: 
Warp and weft knitted 3D 
spacer fabrics, available 
in a variety of 
thicknesses, mostly 
comprise of multi-layer 
structures. 
 Relatively new 
technology 
Sedelogic® 
cushion. 
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2.5.2. Cushion surface characteristics 
Wheelchair cushion profiles come in a variety designs, the most common are: 
FLAT – the surface of the cushion is flat, relying on the material to have a lower 
resistance to deformation than that of the human body, allowing the material to adapt to 
the shape of the buttocks.  
CONTOUR – where the surface has been shaped to fit or reflect the form of the human 
buttocks. These are shaped to a general or non-specific shape or custom shaped to 
the user’s shape.  
CONVOLUTED FOAM – the surface is composed of a series of convex protrusions 
separated by depressions, this is sometimes called “egg-crate”. This also comes in a 
variety of designs, such as checkerboard. 
CUT-OUT – this surface characteristic has a removal or disruption of material to alter 
the load-bearing characteristics of the surface. It is also used to create room for an 
insertion of other material. Sprigle et al define that a cut out does not reflect shape or 
form of the human body [63]. 
SEGMENTED – this final surface characteristic is defined as a surface divided into 
separate and distinct segments of a grid design, for example Bioform. 
 
2.5.3. Additional feature characteristics 
These features can help to give additional support in specific areas and give added 
protection. These features are: 
PREISCHIAL SUPPORT – this involves the addition of a ridge or raised area of 
contouring placed in front of the IT and pelvis area and can be found in ‘antithrust‘ type 
seats/cushions, see Figure 2.18 [7, 10]. 
LATERAL PELVIC SUPPORT – “pad or other contact to the region defined by the 
posterior buttocks to slightly distal (or to one side) of the greater trochanter and 
intended to prevent lateral movement of the pelvis, support defined as a hip pad, block 
or guide,” as defined by Sprigle et al [63]. 
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MEDIAL THIGH SUPPORT – a raised area in the adductor region of the thigh provides 
stability to the lower legs, the addition of abductors provides leg-dividing support and 
adds to maintain a therapeutic posture, see Figure 2.19.  
LATERAL THIGH SUPPORT – padded section in the lateral region of the thigh next to 
the great trochanter, which provides stability to the lower extremities and adds to 
maintain a therapeutic posture.  
 
2.5.4. Secondary Characteristics: 
BONDED – adhesion of the materials by any means, i.e. heat or glue, etc.  
COMPARTMENT OR CHAMBER – partitions or sections created in the material, this 
applies to air and other fluid cushions. These cushions can be made up of single, dual, 
multicompartment or chambers. 
STIFFNESS – in a foam or flexible matrix, the degree of firmness is determined by 
measuring its force-deflection response or Indention Force Deflection (IFD) 
FLAT BASE OR CURVED BASE – this describes the cushion’s lower under surface. A 
curved surface is designed to accommodate the hammocking effect of sling upholstery 
[63].  
 
Figure 2.18.  Antithrust cushion shape [7, 10]. 
 
 
                     
                          Figure 2.19.   Medial and Lateral thigh support features 
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                                a)                                                            b) 
 
                               c)                    d) 
                              e)                                  f)  
 
Figure 2.20.  A selection of current pressure relieving cushions: a) Jay® basic 
(contoured) - viscoelastic foam;  b)  Emerald profile cushion - viscoelastic foam c) 
Invacare® Matrx Flo-tech Lite  - viscoelastic foam; d) Stimulite® Classic Cushion - 
cellular matrix, soft flexible honeycomb;  e) Roho® Quadtro Select High Profile 
Pressure Relief – air-filled;  f) Action® Xact Classic Cushion – hybrid,  gel and foam 
[64, 65, 67, 68, 70, 73, 77]. 
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2.6      Materials 
 
2.6.1  Three-dimensional spacer fabrics 
 
There is a distinct lack of pressure relieving cushions utilising 3D spacer materials. The 
three-dimensional spacer structures have created a lot of interest in the textile industry 
over the past couple of decades, offering unique properties and great opportunities for 
modification to suit a growing number of end-uses. The versatility of warp knitted 
spacer fabrics in terms of thickness, compression, resilience, washability, comfort and 
design is evident in the many emerging areas of application such as, furnishings, 
sports, industrial and medical applications. 
 
The 3D spacer fabrics are materials, which consist of two face fabrics simultaneously 
woven, or knitted and connected to form a three-dimensional structure in appearance, 
produced in a single process. The fabrics consist of upper and lower fabric layers, 
interconnected by a resilient monofilament yarn, which represents the height of the 
spacer fabric. The basis of this research focuses upon the knitted spacer fabrics, which 
are the most advanced of these three-dimensional textile structures. 
 
2.6.2 Knitted Spacer fabrics 
Knitted spacer fabrics are a three-dimensional knitted fabric, consisting of two separate 
knitted surfaces which are joined together back to back and kept apart by an inner 
layer of spacer yarns. There are two types of knitted spacer fabrics; weft-knitted spacer 
fabric and warp-knitted spacer fabric. The first type, weft knitted is knitted on a double 
jersey circular knitting machine by using a rotating needle cylinder and a needle dial. 
The second is knitted on a warp knitted rib raschel machine using two needle bars, 
these are normally Karl Mayer RD4N and RD6N machines [53, 54].  
 
2.6.3 Weft knitted spacer fabrics 
Produced on both circular double-jersey and flat machines, weft knitted spacer fabrics 
incorporate structural advantages such as; 
o the production of shaped and true 3D structures by electronically 
controlled flat machines; and  
o the creation of plain, coloured and textured surface designs, knitted on 
the face of the fabric by the cylinder needles [53]. 
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Weft knitted spacer fabrics have some limitations, which are; 
o limitations of the thickness, which are limited to between 2 – 10mm; and 
o the structure is limited to either knitting the spacer thread on the dial 
needles and tucking on the cylinder needles, or tucking the spacer 
threads on the dial and cylinder needles. 
The use of tuck stitches with spacer monofilament yarn, is more practical as this 
ensures the spacer yarn is aligned correctly inside the knitted fabric, which also 
prevents a rough or harsher handle on the face and back of the fabric (Figure 2.21) 
[53].  
 
  
       Figure 2.21.    Technit D3 weft knit spacer fabric. [53] 
 
 
2.6.4 Warp knitted spacer fabrics 
Warp knitted spacer fabric, one of the main focuses of this research, consists of two 
surface layers with an intermediate layer of yarns called spacer yarns. As shown in 
Figures 2.22 [78] and 2.23 [78,79], the spacer yarns connect the two surface layers to 
form a unique 3D structure.  
 
2.6.4.1    Construction 
For cushion applications, the spacer yarns play a supporting role and assist in stopping 
the 3D structure from being crushed under body pressure. It is evident from previous 
research, that selecting spacer yarn, with the appropriate bending rigidity and 
connecting method between the two surfaces, are very important factors during the 
construction of the fabric. Warp knitted spacer fabrics are normally produced on a warp 
knitting machine with two needle-bars and six yarn guide bars. As shown in Figure 
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2.22, while guide bars 1, 2 and guide bars 5, 6 respectively are used to knit the front 
and back surface fabric layers, guide bars 3 and 4 are used to knit the spacer yarn 
layer on both needle bars [78, 79]. 
The space between the two surface layers, is an important structural feature of a warp 
knitted spacer fabric, Figure 2.23 [78, 79]. For cushion applications, a higher fabric 
thickness may be needed or combinations of higher thicknesses, to achieve an 
effective cushion. Depending on the different application situations, the thicknesses of 
the cushions can vary from 5 to 100mm or higher. However, the thickness of warp 
knitted spacer fabrics is only limited by the distance between the two needle-beds of 
the warp knitting machine, which can be adjusted to typically vary from 1 to 60 mm, 
depending on the machine, yarn and types of structures used.  
 
2.6.4.2    Characterisation 
Warp knitted spacer fabrics have properties, which make them a very suitable 
alternative to conventional PU foams, which are used in most seating and mattresses, 
etc. The advantages of warp knitted spacer fabrics reside in the combination of good 
compressive characteristics, air permeability and good thermoregulation by their 
unique 3D structure, this includes their ability to transport both, water vapour and 
evaporative heat away from a patient or individual (see Figure 2.24). Warp knitted 
spacer fabrics can easily be recycled and thus they can overcome the recycling 
problem presented by PU foam. 
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Figure 2.22. Warp knitted spacer fabric construction [78] 
 
  
    Figure 2.23.   Three-dimensional structure of warp knitted spacer fabric [78, 79, 80] 
 
Some typical characteristics of a warp knitted spacer fabric can be seen in Table 2.6 
[54, 7], which also illustrates the ‘isotropic’ characteristics in its tenacity, breaking 
extension and initial modulus properties. Important properties such as water vapour 
transmission and heat evaporation are intrinsic to a pressure relieving device, the 
mechanism of which can be seen in Figure 2.24 [54].   
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Figure 2.24.  Moisture and heat regulation in spacer fabrics. [54, 80] 
 
 
Table 2.6.  Properties of 100% polyester warp knitted spacer fabric [54, 79]. 
 
Property Mean Value 
Area density 373.8 gm-2 
Thickness 2.25 mm 
Bulk Density 0.166 g cm-3 
Tenacity   
  Machine Direction 0.045 N tex
-1 
  Cross Direction 0.042 N tex
-1 
  45˚ Direction (Bias) 0.055 N tex
-1 
Breaking Extension   
  Machine Direction 55.20% 
  Cross Direction 55.10% 
  45˚ Direction (Bias) 56.50% 
Specific Modulus   
  Machine Direction 0.03 N tex
-1 
  Cross Direction 0.03 N tex
-1 
  45˚ Direction (Bias) 0.05 N tex
-1 
Modulus at 5% Extension   
  Machine Direction 1.37 N tex
-1 
  Cross Direction 1.87 N tex
-1 
  45˚ Direction (Bias) 1.67 N tex
-1 
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The work carried out by researchers on the compression and recovery characteristics, 
have shown that warp knitted spacer fabrics show superior resilience after 
compression. Ye et al [79] studied the compression behaviour of a variety of materials, 
which included PU foam and warp knitted spacer fabrics.  Results showed that warp 
knitted spacer fabrics show good resilience after compression, as the loss of energy 
during recovery was extremely low.  Figure 2.25 shows the compression/recovery 
curves for two spacer fabrics, foam and a nonwoven wadding.  The hysteresis loop of 
PU foam is much larger than the ones shown for all other materials, this indicates a 
greater dissipation of energy during the compression/recovery cycle [54, 79]. 
 
      Figure 2.25.     Compression / Recovery curves of different materials. [78, 79] 
 
 
2.6.4.2.1  Thermophysiological characteristics 
 
Thermophysiological properties such as thermal absorptivity, thermal resistance and air 
permeability in warp knitted spacer fabrics have been studied by other researchers [7, 
54, 78, 79].  
Thermal resistance and thermal absorptivity – Ye et al [79] concluded that, when 
PU foam is compared with warp knitted spacer fabrics, warp knitted spacer fabrics can 
transfer heat away from the human body more easily than PU foam and this was due to 
a much higher heat conductivity and a lower heat resistance than seen in the PU foam, 
see Table 2.7 [7, 54, 78, 79]. This helps in reducing the build-up of heat beneath an 
individual during ‘sitting’ or ‘lying down’, making this an ideal fabric for thermal 
regulation. 
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Air permeability - In the case of air permeability, warp knitted spacer fabrics exhibit 
higher air permeability when compared to PU foam of similar thicknesses, this is 
illustrated in Table 2.8 [7, 54, 78, 79]. 
 
Table 2.7.  Thermal properties of polyurethane foam and warp knitted spacer fabrics. 
[7, 54, 78, 79]. 
 
 
 
 
* Sample ‘A2’ is a warp knitted spacer fabric and sample ‘C1’ is a PU foam fabric. 
 
Table 2.8.   Air permeability of samples. [7, 54, 78, 79]. 
 
 
 
* Samples ‘A’s and ‘B’s are warp knitted spacer fabrics and samples ‘C’s are PU foam fabrics. 
 
2.6.4.2.2    Positive mechanisms 
The mechanics of an ideal cushion include a surface which can evenly re-distribute the 
pressure over a large area, which reduces tissue distortion. However, the differences 
between uniaxial (or uni-directional) and hydrostatic loading must be considered, see 
Figures 2.26 – 2.28 [54, 79].  Figure 2.26 illustrates the uniaxial and hydrostatic loading 
mechanisms and can be seen in 2.26(a), 2.26(b) and 2.26(c)    Figure 2.27 illustrates 
hydrostatic loading, whereas figure 2.28 depicts uniaxial loading, which demonstrates 
the body ‘Bottoming out’, which causes tissue distortion, leading to pressure ulcers. 
 
(a)    (b)   (c) 
 
Figure 2.26.   Uniaxial and hydrostatic loading mechanisms (a) No load.  (b) Loading in 
one direction.  (c) Hydrostatic loading [54]. 
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Figure 2.27.   Hydrostatic Loading [54] 
 
 
Figure 2.28.    Uniaxial Loading [54] 
 
 
Therefore, an evaluation of the properties and characteristics of warp knitted spacer 
fabrics, concludes that knitted spacer materials are a potential substitute for basic PU 
foam, which is the most common material used in the manufacture of pressure 
relieving devices [78, 79].  
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Chapter 3 
Experimental Work 
        
3.1   Materials 
The materials currently used in the manufacture of pressure relieving cushions were 
reviewed in chapter 2 and were mainly PU foam, gel, air and hybrids. However, the use 
of spacer fabrics in this category of pressure relieving devices is extremely limited and 
is a potential alternative for basic PU foam. 
This research concentrates on the use of warp knitted spacer fabrics in the 
development of a pressure relieving cushion.   
 
3.1.1 Warp knitted spacer fabrics 
Warp knitted spacer fabrics have inherent properties, such as thickness, compression, 
resilience, thermal absorptivity, thermal resistance, air permeability, including water 
vapour transmission and heat evaporation, which are all the properties an efficient 
pressure relieving device must possess [53, 54, 78]. 
A variety of different qualities of warp knitted spacer fabrics were chosen for use in this 
research, based on several criteria. These criteria were resilience, thickness, handle, 
stretch, the ability to mould successfully and comfort.  The fabrics chosen were of a 
variety of thicknesses and can be seen in Tables 3.1 and 3.2. 
 
Table 3.1       Warp knitted spacer fabric characteristics 
Quality Supplier Fibre Area 
Density 
Thickness 
M3730 Baltex Ltd Polyester 310g/m
2
  4.3mm 
M3250 Baltex Ltd Polyester/Lycra 400g/m2 2.3mm 
A1301 -235 Baltex Ltd Polyester 320gm2 6.1mm 
M8960 Baltex Ltd Polyester 1210g/m2 19.5mm 
D0100-03 Baltex Ltd Polyester 730g/m2 6.0mm 
M3600 Baltex Ltd Polyester 700g/m
2
 6.0mm 
M3420 Baltex Ltd Polyester 1000g/m
2
 11.0mm 
M3550 Baltex Ltd Polyester 1000g/m
2
 20.0mm 
 
  Table 3.2.  Additional fabric characteristics (cover fabrics) 
Quality Description Fibre Area Density Thickness  
PU cover  Weft knitted 
Jersey /Laminated 
Polyurethane 
coated/PET 
190g/m
2
 0.9mm 
FR Viscose Weft knitted 
Jersey 
Viscose 235g/m
2
 2.3mm 
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3.2   Rigid Cushion Loading Indenter Development  
 
Due to the effects of minute body movements, which can include, either micro-
movements or macro-movements, changes in pressure and distribution occur 
frequently, mostly unconsciously. This would also vary from human test subject to 
human test subject, giving extremely variable results. The removal of human 
participants at this stage was used to help reduce the variability of testing previously 
seen with the use of human subjects.   For this phase of the research, it was therefore 
decided to develop a facsimile of the ‘human buttocks’ for this new methodology.   
Work had been carried out by other researchers [80, 81, 82, 83] in creating a more 
standardised facsimile of the ‘human buttocks’ in a seated position.   
Staarink used the male pelvis and thighs to create simulated buttocks for initial 
research [80]. The overall shape was determined by the pelvic shape in a sitting 
position. A model of a typical pelvis and thighs was encased in a silicone gel and is 
illustrated in Figure 3.1.  It was this research that was the basis for the ‘Rigid Cushion 
Loading Indenters’ (RCLI) utilised in the International Organisation for Standardisation 
(ISO) 16840-2 standard.    
Figure 3.1.   Front and bottom view of Staarink’s test buttocks with positions of 
pressure sensors [80]. 
Chapter 3 
 
 
Carol Diane Hepburn                                                                                                             47 | P a g e  
 
RCLI have been developed and used in a number of newly drafted standardised test 
methods and research studies, for assessing the characteristics of wheelchair seat 
cushions [84–87]. The RCLI described in International Organisation for Standardisation 
(ISO) 16840-2 [87, 88] is a simple representation of the human buttocks, which can be 
produced in both solid and hollow forms. The ability of this specific shape to generate 
loading simulations, similar to that seen in human volunteers, had been demonstrated 
by Staarink [80]. 
 
3.2.1 Rigid Cushion Loading Indenter (RCLI): 
By using the dimensions in Appendix A of ISO 16840-2 [88] as a basis, see Figure 3.2, 
a RCLI was manufactured in wood to create a solid template for this research.  The 
template was developed to be attached to a universal tester and weighed 
approximately 12kg unloaded and without a central column.  The template or RCLI can 
be seen in Figure 3.3. 
  
 
 
 
 
 
 
 
Figure 3.2.  RCLI template based on ISO Buttock model    
 
 
                     A.   Back view                  B.    Underside view 
Figure 3.3.   Photographs of the template – RCLI [7] 
Machine mounting 
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 A central attachment was created to enable the RCLI to be attached to the central 
column of the universal tester, see Figure 3.3, with an additional angled plate to enable 
the RCLI to be attached at different angles if needed.   
 
The RCLI could be lowered and raised to a set pressure and speed, controlled by a 
computer programme.  The programme could be set to repeat in cycles of any 
duration, to set time intervals and set loads in Newtons. Figure 3.5 shows the 
diagrammatical set up for the universal tester, with the RCLI in place.  
Universal Tester -  A heavy duty universal tester was used for this research and this 
was a ‘Denison
®
 Universal Tester, this has a test range of 0.5kN to 15kN. 
 
 
Figure 3.5.     Diagram of the universal tester – set up 
Figure 3.4.   Denison Universal Tester – computer controlled. 
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The test cushion would be placed in a set position beneath the RCLI, the pressure mat 
would be positioned on top of the cushion and linked to the FSA software (the FSA4.1 
software) on a computer. Figure 3.6 shows the pressure mat and test screen.   The 
RCLI can be lowered onto a cushion to a set load, while peak and average pressure 
distributions are measured and recorded, creating pressure mapping profiles covering 
the whole covered area of the cushion.  The pressure mapping system used in this 
work is the ‘Boditrak’ pressure mapping system from Vistamedical, Canada.  This 
system consists of a sensor mat with 16 x 16 sensors (sensor count = 256), creating a 
sensing area of 2070.25cm² and standard pressure range of 0 to 200 mmHg [54, 7, 
89].   
This, in combination with the Denison® Universal Tester and a FSA® Pressure 
mapping system, was the ensemble used to develop a methodology to test pressure 
distribution in pressure relieving cushions. 
 
 
Figure 3.6.     ‘BodiTrak’ pressure mat and testing screen [89] 
 
3.3    Experimental pressure distribution methodology 
 
The experimental methodology was developed, in order to record pressure distribution 
as simulated by an individual sitting on a wheelchair cushion, on a regular basis. The 
cycling process of loading and unloading the cushion was used to test the recovery of 
the cushion, as well as the validity and repeatability of the test method. The pressure 
mapping measurements were taken under a series of different loading pressures, held 
in position and released for set time/rest periods.  
 
55.5cm 
55.5cm 
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Initially each cycle applied set loads of 0.500kN and 0.750kN, held for a set duration of 
15 minutes, the loads were released and the test cushion was allowed to rest, for 30 
minutes. The cycle was repeated continuously, by using a software programme 
sequence developed for this methodology and linked to the Denison Universal Tester, 
which allows the cycles to be repeated many times to test the repeatability of the test 
results. The pressure mapping software recorded pressure results throughout all the 
cycles, capturing data both visually, with pressure profiles and numerically, collecting 
statistical data. The results were analysed at the initial loading stage of the cushions 
and after being held for 15 minutes. The cycles were compared for repeatability of 
results and to examine variability throughout the testing periods [7].    
 
The cycles were created by using a series of ‘RAMPs’ within the computer programme, 
representing the actions of the universal tester, Ramp 1 – applying the set load, Ramp 
2 – hold the load for a set duration; Ramp 3 – releasing the load and Ramp 4 – holding 
for a set duration (the rest period) and cycling back to Ramp 1. The cycling sequences 
can be seen in Figure 3.7, with the various data capture points used for analysis. 
 
 
 
   Data recorded    Data recorded                             Data recorded 
 
CYCLE 1 – Set Load applied – Held for 15mins – Load released for rest period of 30mins-  
 
   Data recorded    Data recorded                             Data recorded 
 
CYCLE 2 – Set Load applied – Held for 15mins – Load released for rest period of 30mins  
 
   Data recorded    Data recorded                             Data recorded 
 
CYCLE 3 – Set Load applied – Held for 15mins – Load released for rest period of 30mins  
 
   Data recorded    Data recorded                             Data recorded 
                         
CYCLE 4 – Set Load applied – Held for 15mins – Load released for rest period of 30mins  
 
Figure 3.7.  Cycle sequence showing areas of data capture. 
 
DATA recorded throughout 
DATA capture throughout 
DATA capture throughout 
DATA capture throughout 
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The data collected from all cycles were averaged and statistically analysed to 
determine the pressure character of a cushion or combination of development layers.  
As well as numerical data, visual data was collected in the form of a video capture 
image representing the pressure profile at any particular time index during the test, see 
Figure 3.8. 
 
Figure 3.8.  Example of a pressure profile 
 
Pressure data was collected from the whole cushion area at the following intervals: 
 Initial loading 
 After 15 minutes of loading 
As well as data from the whole cushion, data was collected and analysed from various 
sections of the cushion seating area and compared: 
 IT area 
 Trochanteric area or thigh area 
 Overall area  
These areas can be seen illustrated on Figure 3.8. 
The experimental loads used in the development of these pressure relieving cushions 
were: 0.500kN; 0.750kN; 1.000kN; 1.500kN; 1.750kN; 2.000kN; 2.500kN and 3.000kN.  
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3.4    Flammability behaviour 
 
In order to understand the flammable nature of polyester knitted spacer fabrics and 
combinations of spacer fabrics being used in this research, a series of tests needed to 
be carried out to investigate this. An adaptation of the BS EN ISO 6940:2004 and BS 
5852: 1979 method called the ‘Mydrin test’ was used to test the composites to be used 
in the development of the knitted 3D spacer pressure relieving cushions.  
  
3.4.1 Equipment 
 
The equipment used for this part of the research, was equipment from the ‘Mydrin test’ 
[90, 93].  The Mydrin test was developed [90, 93] as a more simplified version of the 
Source 1 ignition test method from the British Standard BS5852: 1979 [93, 94, 95].  
By using an adapted version of the Mydrin test, this modified method was used to test 
multiple layers of knitted spacer fabrics and smaller versions of the cushion 
composites, under extended flame application times. 
The apparatus consists of a ‘mounting frame’, which housed the gas burner, timer and 
specimen holder. 
Specimen holder – metal rectangular frame, with the dimensions of 190mm x 150mm, 
with spikes or pins to accommodate the fabric specimens [96]. 
Gas burner – a gas jet with tubing [94 - 97]. 
Timer – timing device which controlled and recorded the flame application, flaming 
time and afterflame time.  
The set-up used can be seen in Figure 3.9, with a diagram of the specimen frame in 
Figure 3.10. 
 
 
                    
             Figure 3.9.    Vertical flame test apparatus – ‘Mydrin’ test 
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Figure 3.10.     Side view diagram of the modified ‘Mydrin’ test set up.                   
A) Specimen frame with attachment pins. B) Test set-up with burner 
 
  
3.4.2 Experimental methodology 
 
The aim of this modified methodology was to investigate firstly, the behaviour of the 
spacer fabrics to be used in developing pressure relieving cushions and secondly to 
observe the burning behaviour of small scale assemblies of the chosen knitted spacer 
fabrics, as a bench-scale indication of the prototype cushions’ potential flammability. 
This enables the assembly of a suitable combinations of fabrics, in order to ensure a 
suitable flammability behaviour or characteristic. 
 
The flame length and the distance from the sample surface was set according to the 
BS 5438:1976 [97] and BS EN ISO 6941:2003 [96] standards, see Figures 3.11 and 
3.12. 
Starting with the flame application, the duration initially used was 10 seconds, this was 
increased in increments of 10 seconds, up to 40 seconds.   
Single layer samples were tested by using the lowest flame application time initially, 
these tests were used as a starting point and to test the process. 
Test Samples -  multi-layer test samples were prepared, based on sections of the 
prototype pressure relieving cushions, starting with the core layers. The outer layers 
plus core were tested in multiple layers of 2 – 6. 
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An example assembly was, cover fabric plus the two core layers beneath: 
            Example assembly 1: Cover – spacer fabric 
          Core 1 – knitted spacer fabric (thin & soft) 
             Core 2 – knitted spacer fabric (thick) 
with the cover layer facing the flame, another example can be seen in Figure 3.13.   
 
 
Figure 3.12.  Ignition surface set up – 1) fabric specimen; 2) nominal flame ignition 
point; 3) pin; 4) mounting frame [96, 97]. 
Figure 3.11.  Adjusted vertical flame 
height, in millimetres - 5) flame; 6) 
burner [96, 97]. 
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3.4.2.1    Methodology  
The test assemblies were placed in the specimen frame and a flame applied to the 
surface of the facing fabric for the set duration (10 – 30 seconds).  
 
 
 
 
The flame was removed and the burning behaviour of the assembly or single layer was 
observed for the following; 
 duration of afterglow/ after flame; 
 self-extinguishing behaviour; 
 spread of flame area; 
All test observations were video recorded and then the burning behaviour analysed. A 
variety of different assemblies were tested in this manner. This test has a ‘Pass/Fail’ 
criteria, i.e. self-extinguishing within 2 minutes is a Pass, with continued burning 
greater than 2 minutes as a Fail.  The test composites were tested at 10, 20, 30 and 40 
second flame applications, with visual and numerical data analysis.  
 
These series of assemblies and this method of testing, enabled the analysis of the 
flammability of the multiple layers within the prototype cushions at the bench-scale 
level. 
 
 
 
 
Figure 3.13.   Example Assembly for flammability testing. 
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Chapter 4 
Product development 
 
4.0    Introduction  
In debating the positive and negative characteristics of foam pressure relieving 
devices, an image can be developed to characterise a suitable alternative to foam 
products. By using warp knitted 3D spacer fabric, a series of pressure relieving cushion 
products within similar parameters can be developed, which allows for the development 
of a new smart pressure relieving cushion to be achieved as viable alternative to foam. 
 
4.1  Requirements     
This research continued on from work previously started at the University of Bolton 
[54], which produced the patented Airospring® products AS100, an overlay cushion and 
AS200, a basic flat wheelchair cushion, see Figures 4.1 and 4.2. These two innovative 
cushions were also developed using warp knitted spacer fabrics. AS200 was further 
developed during this research, in order to create a more flame retardant wheelchair 
cushion. The AS100 and AS200 cushions were used in the initial testing of the new 
methodology developed for pressure mapping in this research. 
Table 4.1. Specification: AS100 – overlay cushion [54] 
Description:  Flat cushion composed of a 2-layer spacer fabric core 
+ a Spacer fabric cover. 
Experimental weight 
Range tolerance:  
 
0.50kN – 1.0kN (51kg – 102kg) (8 -16st) 
Cushion overall depth 40.0mm   
Cushion overall length 450.0mm 
Cushion overall width 450.0mm 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   300g/m2 3.0mm  Black 
M3600 3D spacer fabric 700g/m2 6.0mm White 
M3420 3D spacer fabric 1000g/m2 11.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Cover – 1  M3730 Interchangeable 
Cover – 2    M6810 FR protection cover 
Core – 1 M3600 Layer of flat spacer fabric 
Core – 2 M3420 Layer of flat spacer fabric 
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                     Figure 4.1.   Airospring® AS100 – overlay cushion 
 
 
Table 4.2. Specification: AS200 – flat cushion [54] 
Description:  Flat cushion comprising of a 4-layer core and a spacer 
fabric cover. 
Experimental weight 
Range tolerance:  
 
0.50kN – 1.0kN (51kg – 102kg) (8 -16st) 
Cushion overall depth 49.0mm   
Cushion overall length 450.0mm 
Cushion overall width 450.0mm 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   300g/m2 3.0mm  Black 
M3600 3D spacer fabric 700g/m2 6.0mm White 
M3420 3D spacer fabric 1000g/m2 11.0mm White 
M3550 3D spacer fabric 1000g/m2 20mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Cover – 1  M3730 Removable spacer fabric cover 
Core – 1 M3600 Layer of flat spacer fabric 
Core – 2 M3420 Inner layer of flat spacer fabric 
Core – 3  M3550 Inner layer of flat spacer fabric 
Core – 4  M3600 Layer of flat spacer fabric 
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Table 4.3. Specification: AS200PRO – flat cushion [54] 
Description:  Flat cushion comprising of a 4-layer core, FR layer + a 
Spacer fabric cover. 
Experimental weight 
Range tolerance:  
 
0.50kN – 1.0kN (51kg – 102kg) (8 -16st) 
Cushion overall depth 55.0mm   
Cushion overall length 450.0mm 
Cushion overall width 450.0mm 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   300g/m2 3.0mm  Black 
M6810 Protex M Viscose Jersey - FR 
protection layer 
 
235g/ m2 
 
1.0mm 
 
Ecru 
M3600 3D spacer fabric 700g/m2 6.0mm White 
M3420 3D spacer fabric 1000g/m2 11.0mm White 
M3550 3D spacer fabric 1000g/m2 20.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Cover – 1  M3730 Interchangeable 
Cover – 2  M6810 FR protective cover – sealed 
Core – 1 A1301-235 Layer of flat spacer fabric 
Core – 2 M3600 Layer of flat spacer fabric 
Core – 3  M3420 Layer of flat spacer fabric 
Core – 4  M3550 Layer of flat spacer fabric 
Core – 5  M3600 Layer of flat spacer fabric 
Core – 6 A1301-235 Layer of flat spacer fabric 
 
 
        Figure 4.2.     Airospring® AS200PRO – flat wheelchair cushion [98] 
 
A pressure relieving cushion that does not reflect the human body shape at its 
interface, will inevitably result in peak pressures at high risk areas over time.  
Research conducted by Carlson et al [99] shows that, deeper cushioning by itself will 
continue to exhibit high pressure points at the same high risk areas. Sprigle et al [100] 
reiterated that a contoured cushion would reduce tissue distortion of the buttocks in the 
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seated position. A more contoured surface would therefore be more beneficial than a 
flat surface. The most obvious feature affecting this redistribution of pressure is a 
shaped recess under the pelvis area, taking in the ‘IT’ area.  This feature helps to 
reduce pressure on the less compliant bony areas and transfer those loads to areas 
such as the posterior thighs, which have a greater compliance and tolerance to 
pressure [7, 99].  An added advantage of contouring the surface of a wheelchair 
cushion is to increase the accuracy and repeatability of the individual’s position on the 
seat, thus maintaining a therapeutic posture.  
 
4.2      Cushion development 
 
4.2.1 Contouring/shaping 
Applying cushioning material to a wheelchair cushion will initially reduce the overall 
surface pressure when trying to reduce contact pressure, see Figure 4.3. The addition 
of a softer and thicker material only, is not an adequate solution, and it is vital to 
include contouring based on the anatomical shape and size of the human buttocks [21, 
99].   
Figure 4.3.  Deeper cushioning by itself increases the area over which force is applied, 
thus lowering peak pressures. A= areas of peak pressure. [99] 
 
 
4.2.1.1    Moulding 
The current use of 3D spacer fabrics in sports and foundation garment products is firm 
evidence that these fabrics have characteristics which enable moulding and shaping. 
The research carried out by Yip et al [101], demonstrated that the density of the spacer 
yarn, as well as the elongation and recovery of the overall spacer fabric all help to 
determine the optimal moulding conditions for a given spacer fabric. The use of a 
monofilament yarn as the spacer yarn was also advantageous in the moulding process. 
Selective moulding of spacer fabrics in combination with selective construction of these 
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spacer fabrics could be used to develop a novel contoured 3D spacer fabric wheelchair 
cushion, if an effective moulding process could be found [53, 101].    
However, the degree of contouring required for an effective pressure relieving cushion 
is a difficult process to achieve with 3D spacer fabric, as the positive properties could 
be adversely affected. The shaping and moulding of wheelchair cushions using foam or 
gel is a much simpler and popular process. Foam is an ideal medium for shaping or 
moulding, as it can be cut or carved, or heat and pressure moulded or injection 
moulded. 
The amount of stability needed after moulding is quite considerable and could not be 
achieved within a single layer of a spacer fabric, which would be able to support a 
pressure relieving cushion. The positive properties within the spacer fabric could also 
be adversely affected by the moulding process. Therefore, another method of 
contouring was needed.  
The 3D structure of warp knitted spacer fabrics enables limited moulding around 
shallow shapes. Using the inherent physical structure of warp knitted spacer fabrics, a 
method was devised to increase the moulding characteristics of a single layer. This 
unique technique used the structure of the two faces of a warp knitted spacer fabric to 
encourage additional moulding within a single layer. 
It has already been established that the ideal wheelchair cushion should take account 
of the human anatomy, therefore the cushion should be contoured or shaped. This new 
research development started with reducing the high pressure points in the ‘IT’ area, by 
using the shape of the human buttocks as a starting point. The areas of high 
vulnerability can be seen in Figure 4.4 [7, 8, 9]. 
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Figure 4.4.    Area of high pressure – comparison of high and low vulnerabilities [7, 10] 
 
4.3  Partially contoured cushion development 
 
The most obvious feature affecting this redistribution of pressure is a shaped recess 
under the pelvis area, taking in the ‘IT’ area.  This feature would help to reduce 
pressure on the less compliant bony areas, with the aim of transferring these high peak 
pressure points to areas such as the posterior thighs, which have greater compliance 
and tolerance to pressure, which are less vulnerable areas [99].   
Creating a recess at the back of the cushion was the first development feature that was 
utilised. Using a series of multiple layers of warp knitted spacer fabrics, a moulded and 
shaped recess was created in the IT area. This recess needed to not only reduce 
pressure under the IT area, but also move the pressure along the trochanteric shelf to 
the thigh shaft area, which is a less vulnerable area of the buttocks, see Figure 4.4. 
The manufacture of an ideal shaped recess, involved not only creating a recess or 
hole, but an area which would mould into the buttocks, thus encouraging re-distribution 
without creating additional pressure areas, such as the outline of the recess or hole. 
This effect can be seen in Figure 4.5, where the outline has created additional pressure 
points, formed by the outline of the hole.   
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                  Figure 4.5. Pressure profile at initial load of 0.750kN (76.5kg/12st) 
 
4.3.1 Development of a pressure relieving recess: 
In order to create a recess that would mould and encourage the buttocks to sit in the 
recess, without developing pressure outlines on the edges and creating additional 
pressure areas, the recess needed to conform to the basic shape of the buttocks. 
Therefore, the shape was as important, as the construction of the recess. Squares or 
rectangular shapes proved to encourage pressure areas, therefore softer shapes were 
used. A rounded oval shape, similar to the contact shape of the buttocks proved to be 
more successful. 
The recess was created and built up, using three layers of knitted spacer fabric, this 
would become the ‘Core’, with a final layer to soften the structure and encourage 
moulding and contouring [7]. 
The position of the recess area was derived by the basic anatomical information on the 
average position of the IT in a sitting position, as mentioned in chapter 2 [7]. 
The Construction stages were as follows (from the bottom upwards): 
A) A flat warp knitted spacer fabric layer 
B) Warp knitted spacer fabric layer with a shaped hole 
C) Warp knitted spacer fabric layer with a castellated shaped hole which     
interlocked with layer B. 
The creation of layer ‘C’ was key to the overall structure of the recess. It utilised the 
important 3D structure of warp knitted spacer fabrics, by using the spacer layer and 
face layer of a warp knitted spacer fabric, to create a more movable surface structure. 
By cutting a hole and then creating a castellated area or band around that hole, a 
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movable area was created, which was able to accommodate a load and mould to the 
shape of that load, i.e. the buttocks. The combination effect can be seen in cross 
section (order of construction), in Figure 4.6 and castellation can be seen in Figure 4.7.    
 
 
Figure 4.6.   Cross-sectional view of the development of the recess 
                           Figure 4.7.   Construction of castellated layer 
 
4.3.2 Construction of the partially contoured pressure relieving cushion 
 
Experimental work was carried out on the basic structure and combination, creating 
two examples of partially contoured cushions, sample nos. ASD4 and ASD5. These 
partially contoured cushions were flat cushions, with just a contoured recess at the 
back of the cushion, to accommodate the vulnerable ‘IT' area.  The individual core 
layers can be seen in Figure 4.8 and 4.9 respectively.  
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Figure 4.8.    Core layers of the partially contoured wheelchair cushion prototype ASD4 – construction of the recess. 
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Figure 4.9.    Core layers of the partially contoured wheelchair cushion prototype ASD5 – construction of the recess. 
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The whole structure of the partially contoured cushion ASD4 can be seen in Figure 
4.10, which shows the sealed core cover, which was used to consolidate the core 
layers and illustrates the outer removable cover. A partial recess was developed for 
the ASD5 sample cushion and a comparison with ASD4 can be seen in Figure 4.11 
The configuration ASD4 became the final prototype for the partially contoured 
wheelchair cushion after initial testing, of both the ASD4 and ASD5 cushions. 
 
 
 
Figure 4.10.     Back view of partially contoured wheelchair cushion prototype 
 
 
 
Figure 4.11.    Comparison of ASD4 and ASD5 cushion configuration 
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The recess feature in the IT area, also stops the individual from sliding forward, 
which also reduces the occurrence of shear stress at the interface of the cushion 
and causing tissue distortion. 
 
 
Table 4.4. Specification: Prototype ASD4 (Fully recessed cushion) 
Description:  Flat cushion with recess composed of a 5-layer core, 
FR layer and a spacer fabric cover. 
Experimental weight 
range tolerance:  
 
0.50kN – 1.0kN (51kg – 102kg) (8 -16st) 
Cushion overall depth 70.0mm   
Cushion overall length 450.0mm 
Cushion overall width 470.0mm 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   310g/m2 3.0mm Black 
M6810 Protex M Viscose Jersey – FR 
layer  
235g/m2 1.0mm Ecru 
M3250 4-way Stretch spacer fabric -
Polyester 
400g/m2 2.3mm White 
A1301 -235 Spacer fabric  - Polyester 320gm2 4.5mm  White 
M8960 Spacer fabric  - Polyester 1210g/m2 20.0mm White 
D0100-03 Rigid Spacer fabric  - Polyester 750g/m2 6.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Outer Cover  M3730 Removable outer cover 
Inner cover – 2    M6810 FR protection cover – sealed 
Inner cover – 1 M3250 Stretch spacer cover – sealed  
Core – 1 A1301-235 Soft moulding spacer fabric layer 
Core – 2 M8960 Castellated - Recess spacer fabric layer  
Core – 3 M8960 Recess layer 
Core – 4 M8960 Flat layer – no recess 
Core – 5  D0100-03 Rigid base spacer fabric 
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Table 4.5.  Specification: Prototype ASD5 (Partially recessed cushion) 
Description:  Flat cushion with a partial recess composed of a 5-
layer core, FR layer and a spacer fabric cover. 
Experimental weight 
range tolerance:  
 
0.50kN – 1.0kN (51kg – 102kg) (8 -16st) 
Cushion overall depth 70.0mm   
Cushion overall length 450.0mm 
Cushion overall width 470.0mm 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – 
cover   
310g/m2 3.0mm Black 
M6810 Protex M Viscose Jersey -
Flame Retardant (FR) layer  
235g/m2 1.0mm Ecru 
M3250 4-way Stretch spacer fabric -
Polyester 
400g/m2 2.3mm White 
A1301 -235 Spacer fabric  - Polyester 320gm2 4.5mm  White 
M8960 Spacer fabric  - Polyester 1210g/m2 20.0mm White 
D0100-03 Rigid Spacer fabric  - Polyester 750g/m2 6.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Outer Cover  M3730 Removable outer cover 
Inner cover – 2    M6810 FR protection cover – sealed 
Inner cover – 1 M3250 Stretch cover – sealed  
Core – 1 A1301-235 Soft moulding spacer fabric layer 
Core – 2 M8960 Castellated - Recess layer  
Core – 3 M8960 Flat spacer fabric layer – no recess 
Core – 4 M8960 Flat spacer fabric layer – no recess  
Core – 5  D0100-03 Rigid base spacer fabric 
 
4.4    Fully contoured wheelchair cushion development  
Other therapeutic features of a pressure relieving wheelchair cushion are, the 
addition of ‘Abductors’ and Adductors, as well as a recessed area at the back of a 
cushion. Flat cushions can be of help initially, especially for individuals that have the 
ability to move and adjust their position.  In the case of paraplegics, flat cushions 
give minimal aid to vulnerable areas and no essential support. 
 
The second prototype developed was a fully contoured pressure relieving 
wheelchair cushion. Fully contoured cushions are easily created, when using foam 
and gel, which are the most common materials. However, the creation of contoured 
surfaces using knitted spacer fabric can be problematic. This was solved by a 
combination of multiple knitted spacer fabric layers and by using the construction of 
the recess as a starting point.  
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4.4.1 Abductors and Adductors 
The cushion features, Abductors and Adductors come from the functionality of a 
series of muscles located within the upper thigh, see Figure 4.12 [102]. The 
abductor muscle which is located along the outside of the thigh, pulls the legs away 
from the centre of the body, thus the Abductor on a wheelchair cushion separates 
the legs at the knees, moving them away from the centre of the body. The adductor 
muscle, which lies along the inner thigh, pulls the legs towards the centre of the 
body, thus the Adductors on a cushion, pushes the legs towards the centre of the 
body.  
 
 
Figure 4.12.  The Abductor and Adductor muscles [102] 
 
The cushion abductors and adductors create medial support in the IT area and 
trochanteric shelf area, giving pelvic support in a therapeutic position. These were 
created by using the face layer of the spacer fabric. 
Using the 3D structure of the spacer fabric and a similar castellation method, the 
abductor was created on the top layer, of the core section of the contoured cushion. 
The cutting sequence can be seen in the diagram in Figure 4.13 and the 
photographs in Figure 4.15 and 4.16. 
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Figure 4.13.   Diagram of Abductor and Adductor construction 
 
Two techniques were used to create the ‘Adductors’, the first technique (A), used a 
flatter, more stable structure. The second (B) used a curved, more flexible and 
compressible structure, however under experimentation, proved a more difficult 
structure to manufacture, see Figure 4.14 for both types – technique A and B. Two 
prototypes were initially created for ASD4-S and basic testing was carried out, 
however there were no differences in test results, only manufacturing and structural 
techniques.  This led to technique (A) being used instead of technique (B). 
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     Technique A 
 
 
     Technique B 
       
                      Figure 4.14.    Adductor construction techniques 
 
 
Once the contouring features were established, the thin and soft warp knitted spacer 
fabric A1301-235 was used to soften the surface contours and encourage emersion 
and moulding with the human buttocks. The final core structure was consolidated 
using a thin stretch warp knitted spacer fabric (see Table 3.1), which also 
encouraged moulding without causing a ‘hammock’ effect. ‘Hammocking or tenting’ 
effects are terms used to describe the effect, when support surface properties can 
be impaired, by the increased tension at the surface of the support, especially when 
combined with an overly tight layer or layers, within the support structure itself. This 
effect can be illustrated by, a tight cover over a mattress or wheelchair seat cushion 
and can create a hammock effect that prevents the support surface moulding to 
contoured or shaped areas and produce small areas of high pressure [38, 103]. 
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                        Figure 4.15.      Top layer cut for abductor and recess                  Figure 4.16.   Top layer assembled for recess and abductor    
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The basic configuration for the fully contoured cushion prototype number ASD4-S, 
including a rigid spacer fabric base to increase stability throughout the cushion and the 
required fabrics to reduce the overall flammability, can be seen in Figure 4.19 and is 
listed as follows: 
Table 4.6.   Specification: Prototype cushion ASD4-S  
Description:  Fully contoured wheelchair cushion, with 
Abductors & Adductors, comprising of a 6-layer 
core, FR layer + a Spacer fabric cover. 
Experimental weight range 
tolerance:  
 
0.50kN – 1.50kN (51kg – 152.9kg) (8 - 24st) 
Cushion overall depth (including 
Adductors and Abductor) 
 
95.0mm  
Abductor (centre) height 95.0mm 
Adductor (sides) height 95.0mm 
Cushion overall length 450.0mm 
Cushion overall width 470.0mm 
Optional: PU breathable cover can replace Spacer cover 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   310g/m2 3.0mm  Black 
PU PU waterproof cover (alternative 
cover) 
190g/m2 1.0mm Grey 
M6810 Protex M Jersey, Viscose -
Flame Retardant (FR) layer  
235g/m2 1.0mm Ecru 
M3250 4-way Stretch spacer fabric -
Polyester 
400g/m2 2.3mm White 
A1301 -235 Spacer fabric  - Polyester 320gm2 4.5mm  White 
M8960 Spacer fabric  - Polyester 1210g/m2 20.0mm White 
D0100-03 Rigid Spacer fabric  - Polyester 750g/m2 6.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Outer Cover  M3730/or PU Interchangeable Outer cover 
Inner cover – 2    M6810 FR protection cover – sealed 
Inner cover – 1 M3250 Stretch cover – sealed  
Core – 1 A1301-235 Soft moulding layer 
Core – 2 M8960 Castellated  - Recess, Abductor and Adductor layer  
Core – 3 M8960 Recess layer 
Core – 4 M8960 Flat layer 
Core – 5  D0100-03 Rigid base layer 
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4.4.2 Bariatrics 
A third prototype was developed, in order to experiment in the accommodation of 
another target group of individuals. This group was the ‘Bariatric group’, a group of 
individuals that come within a particular weight range or BMI (Body Mass Index), this 
has been defined by the World Health Organisation.   
The WHO (World Health Organisation) has stated that the increase in obesity and 
morbidly obese has become a significant problem worldwide and has more than 
doubled since between 1980 and 2014.  The WHO defines the classification of 
overweight as a BMI equal or greater than 25 and obesity as a BMI equal to, or greater 
than 30, this along with weights greater than 150kgs [104 – 106], are indicators for 
bariatric patients. 
Bariatric patients are classed as overweight and obese individuals. Even though the 
bariatric classification is based on the BMI (Body Mass Index) of an individual, a 
bariatric patient is actually a person requiring bariatric intervention and ‘Bariatrics’ are a 
group of treatments leading to weight loss. Typical loads are from 150kgs upwards.  
Bariatric patients are more prone to pressure ulcers due to skin breakdown, when there 
is a poor blood supply to the fatty tissues. The areas in which pressure ulcers are likely 
to occur in bariatric patients are the hip area [107, 108, 109]. The inability for a bariatric 
patient to mobilise due to weight, also increases the risk of a pressure ulcer 
developing, especially as a pressure ulcer can develop within 2 hours without pressure 
relief [110]. 
 
The third prototype was developed as a Bariatric wheelchair cushion; it was developed 
to accommodate additional weight. However, this prototype, although not wider in 
dimension, can be manufactured to larger dimensions to seat a larger sized individual. 
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Table 4.7.  Specification: Prototype cushion ASD450-S (bariatric specification) 
Description:  Fully contoured wheelchair cushion, with Abductors 
& Adductors, comprising of a 7-layer core, FR layer 
+ a Spacer fabric cover. Modified ASD4-S to 
accommodate higher weights. 
Experimental weight Range 
tolerance:  
 
0.750kN – 2.50kN (76.5kg – 255kg) (8 - 40st) 
Cushion overall depth 
(including Abductor) 
 
105mm   
Abductor (centre) height 105mm 
Adductor (sides) height 105mm 
Cushion overall length 450.0mm 
Cushion overall width 470.0mm 
Optional: PU breathable Cover can replace Spacer cover 
Fabrics qualities: 
QUALITY DESCRIPTION  Weight Thickness Colour 
M3730 Spacer fabric, Polyester – cover   310g/m2 3.0mm  Black 
PU PU waterproof cover (alternative 
cover) 
190g/m2 1.0mm Grey 
M6810 Protex M Jersey, Viscose -
Flame Retardant (FR) layer  
235g/m2 1.0mm Ecru 
M3250 4-way Stretch spacer fabric -
Polyester 
400g/m2 2.3mm White 
A1301 -235 Spacer fabric  - Polyester 320gm2 4.5mm  White 
M8960 Spacer fabric  - Polyester 1210g/m2 20.0mm White 
D0100-03 Rigid Spacer fabric  - Polyester 730g/m2 6.0mm White 
Composite construction: 
LAYER QUALITY DESCRIPTION 
Outer Cover  M3730/or PU Interchangeable Outer Cover 
Inner cover – 2    M6810 FR protection cover 
Inner cover – 1 M3250 Stretch cover 
Core – 1 A1301-235 Soft moulding layer 
Core – 2 M8960 Castellated  - Recess, Abductor and Adductor layer  
Core – 3 M8960 Recess layer 
Core – 4 M8960 Flat layer 
Core – 5  M8960 Flat layer 
Core – 6  D0100-03 Rigid base layer 
 
Figure 4.20 and 4.21 shows a cross-sectional view of both the front and the back, 
showing the abductor and adductors within the core structure, along with side profiles. 
Figures 4.22 is a photograph of the soft spacer layer, which moulds to the contoured 
core section and Figure 4.23 illustrates the positioning of the recess in relation to the 
‘ITs’. 
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As part of the experimentation on flame retardancy, an additional flame retardant layer 
was added at two locations, two layers of FR material around the core and two 
separated layers, one within the core and one around the core.  
 
 
4.5    Comparative products 
     
Several commercially available foam products were used as control samples for this 
research. These were: 
 66 Fit® Foam wheelchair cushion 
 Basic PU foam pad -  
 Emerald® Profile foam wheelchair cushion      
 Invacare® Matrx® Flotech contoured foam wheelchair cushion – Invacare Ltd 
 
Product specification data for the comparative products -  
Table 4.8.   Specification: 66 Fit® Foam wheelchair cushion  
Description:  Flat wheelchair cushion with ‘egg-crate’ surface 
composed of a single layer of PU viscoelastic foam + 
a PU waterproof cover. 
Weight range tolerance:  Upto 100kg 
Cushion overall depth 100.0mm   
Cushion overall length 380.0mm 
Cushion overall width 380.0mm 
Supplier 66Fit 
 
 
Table 4.9.  Specification: Basic PU foam pad 
Description:  Flat pad/cushion with ‘a smooth surface composed 
of 2 layers of basic PU foam  
Experimental weight 
range tolerance:  
 
Upto 100kg 
Cushion overall depth 80.0mm   
Cushion overall length 450.0mm 
Cushion overall width 450.0mm 
Supplier eFoam.co.uk  
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Table 4.10.  Specification: Emerald® foam wheelchair cushion 
Description:  Profile-shaped wheelchair cushion with contoured a 
smooth surface composed of 2 layers of PU 
viscoelastic foam  (no adductor or abductors) 
Experimental weight 
range tolerance:  
45kg – 140 kg (7st – 22st) (0.441kN – 1.372kN) 
[0.50kN – 1.50kN (51kg – 152.9kg) (8 - 24st)] 
Cushion overall depth 105.0mm – front 
 90.0mm   - back 
Cushion overall length 508.0mm 
Cushion overall width 457.0mm 
Supplier BetterLife  
N.B. No abductor or adductors. 
 
Figure 4.17.    Side profile of the Emerald foam wheelchair cushion 
 
Table 4.11.  Specification: Invacare® Matrx® Flo-tech viscoelastic foam wheelchair 
cushion 
Description:  Contoured wheelchair cushion with contoured 
chequered surface composed of a single layer of PU 
viscoelastic foam  (with adductor or abductors) 
Experimental weight 
range tolerance:  
50kg – 150kg  (8 -24st) ( 0.500kN – 1.50kN) 
Cushion overall depth 100mm  
       Abductor(centre) height 110mm 
          Adductor(side) height 110mm   
Cushion overall length 330mm 
Cushion overall width 356mm 
Suppliers Invacare Ltd 
Figure 4.18.   Front profile of Invacare® Matrx® Flotech contour wheelchair cushion
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Figure 4.19.     Construction sequence for prototype ASD4-S wheelchair cushion 
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Figure 4.20.  Front and back cross-sectional views of prototype ASD4-S 
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 Figure 4.21.    Front and side profiles of the fully contoured prototype cushions. 
            Figure 4.22.  Photograph showing the soft spacer layer moulding                         Figure 4.23.  Diagram showing positioning. 
                                           over the top of the contours.   
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Chapter 5 
Results and Discussion – Pressure mapping 
 
5.0      Experimental Work  
The experimental work on pressure mapping was divided into a number of phases. The 
first phase, was the initial experimental work which was carried out to test the viability 
of the new test methodology.  The second phase was the initial testing of the 
Airospring® cushions AS100 and AS200 and included the testing of the first prototype 
flat cushions developed in this research. This also included collecting and analysing the 
compression and recovery test data from the tests carried out on the Denison universal 
tester. The third and fourth phases involved the testing of the new prototypes through 
various development stages, in order to create an effective contoured wheelchair 
cushion. 
 
5.1     Preliminary experimental work 
The preliminary research into testing pressure distribution, used the Airospring® AS100 
and AS200 cushions as the starting blocks to develop and test the new methodology. 
This also enabled some basic visual comparison with some previous testing conducted 
by using live subjects. By using the universal tester, the compression and recovery 
properties, within a knitted spacer fabric cushion were also investigated. 
5.1.1 Phase One 
Phase one initial testing, by means of the new methodology was carried out on the 
Airospring® models AS100 and AS200.  
The pressure mapping results were recorded at the initial loading of the AS100 and 
AS200 cushions and after 15 minutes of loading. The compressive loads initially 
applied were 0.500kN (approximately 50kg) and 0.750kN (approximately 75kg).  The 
data was captured by using the ‘Recording’ mode of the FSA software. The pressure 
range used by the equipment was 0 – 200mmHg, pressure reaching 200mmHg or 
200mmHg + was considered unacceptable for the human body. As the pressure results 
were continually changing, the software calculated the standard deviation ‘σ’ and the 
coefficient of variation ‘CV%’ for each set of data. 
The results for a set of test cycles for AS100 overlay cushion, can be seen in Figures 
5.1 – 5.3.  These pressure profiles illustrate the results obtained under an initial 
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pressure load of 0.500kN, showing the variations between test cycles 1- 3. There was 
a 30 minute rest period between each cycle. Table 5.1 shows the average results for 
each cycle for comparison. After the initial cycle, the variation within these results was 
reduced and this was recorded as the Standard deviation (Equation 5.1) and the 
Coefficient of variation (Equation 5.2). 
                                  
       
        --------------------     Equation 5.1.   
 where   = standard deviation;      = mean;  xi =  individual x values;   ∑= sigma (sum); 
 N = no. of data points 
                                     
                                ----------------------       Equation 5.2.  
 
where   = mean;    = standard deviation 
 
The statistical data generated by the pressure mapping software, in the form of 
standard deviation and coefficient of variation, was used to determine the repeatability 
of the test results collected. This data also helped to determine the viability of the 
testing methodology for pressure distribution characteristics. 
 Initial Load of 0.500kN (51.0kg/8st) TEST CYCLE 1 
 
 
 
 
 
 
 
 
 
Figure 5.1.  AS100 Overlay Cushion: Preliminary pressure profile – Cycle 1 results  
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 1 0 0 3 1 0 0 0 1 0 0 0 0 0
0 0 0 19 55 53 89 31 18 62 57 103 52 0 2 3
0 0 5 81 73 61 91 71 37 64 70 102 167 0 0 1
0 0 11 90 50 42 47 99 28 37 35 41 103 0 0 0
0 0 13 74 43 51 49 52 26 44 39 49 86 0 2 0
0 0 8 60 65 63 71 56 40 55 52 68 112 0 1 0
0 0 2 57 69 54 71 53 40 52 58 61 81 0 0 0
0 0 0 41 59 49 52 44 35 40 42 45 39 0 0 0
0 0 0 19 32 31 31 24 20 25 17 18 25 0 0 4
0 0 0 0 9 5 0 2 0 0 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
167.07
50.08
794.34
28.18
56.28
23.13
29.66
711.65
98.41
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 1 0 0 3 1 0 0 0 1 0 0 0 0 0
0 0 0 19 55 53 89 31 18 62 57 103 52 0 2 3
0 0 5 81 73 61 91 71 37 64 70 102 167 0 0 1
0 0 11 90 50 42 47 99 28 37 35 41 103 0 0 0
0 0 13 74 43 51 49 52 26 44 39 49 86 0 2 0
0 0 8 60 65 63 71 56 40 55 52 68 112 0 1 0
0 0 2 57 69 54 71 53 40 52 58 61 81 0 0 0
0 0 0 41 59 49 52 44 35 40 42 45 39 0 0 0
0 0 0 19 32 31 31 24 20 25 17 18 25 0 0 4
0 0 0 0 9 5 0 2 0 0 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
167.07
17.49
830.70
28.82
164.75
23.25
29.45
2070.25
100.00
0
10
20
30
40
50
60
70
80
9
1 0
110
2
3
140
5
6
170
8
9
20
mmHg
x 
Chapter 5 
Carol Diane Hepburn                                                                                                          85 | P a g e  
 
  Initial Load of 0.500kN (51.0kg/8st) TEST CYCLE 2 
Figure 5.2.  AS100 Overlay Cushion: Preliminary pressure profile – Cycle 2 results  
 
 
Initial Load of 0.500kN (51.0kg/8st) TEST CYCLE 3 
 Figure 5.3.  AS100 Overlay Cushion: Preliminary pressure profile – Cycle 3 results  
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Table 5.1. Average Cycle results for AS100 Overlay cushion at initial loading of 
0.500kN. 
Airospring
®
 AS100 Overlay 
cushion 
Average 
 (mmHg) 
Standard 
deviation 
(mmHg) 
CV 
(%) 
Sensing 
Area 
(cm2) 
Cycle 1  50.08 28.18 56.28 711.7 
Cycle 2  42.17 30.33 71.93 978.5 
Cycle 3  42.50 30.53 71.85 1067.5 
Overall average     = 44.92 29.68 66.69  
 
 
 
Table 5.2. Average Cycle results for AS200 wheelchair cushion at initial loading of 
0.500kN. 
Airospring
®
 AS200 Overlay 
cushion 
Average 
 (mmHg) 
Standard 
deviation 
(mmHg) 
CV 
(%) 
Sensing 
Area 
(cm2) 
Cycle 1  25.16 22.17 88.14 1245.38 
Cycle 2  35.45 22.32 62.98 1455.64 
Cycle 3  37.45 25.39 67.8 1455.64 
Overall average   = 32.69 23.29 72.97  
 
One piece of data which was important was the CV%, which during some initial testing 
gave readings of over 100%, showing extreme variation, which occurred during single 
testing. It was therefore important to reduce this figure, by the addition of repeated 
cycles to collate more data and give more overall results of the peak pressures 
occurring in the test area.  
 
5.1.2    Phase Two 
The Airospring
®
 cushion models AS100 and AS200 were further tested by using this 
new methodology. The two compression loads used in these experiments, for AS100 
and AS200, were 0.500kN and 0.750kN, with 0.750kN being chosen as the average 
weight of an individual. At this stage, the compression loads to be used in this research 
were decided and can be seen in Table 5.3, including the conversions to other units. 
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Table 5.3.  Compression test loads (conversion): 
PRODUCTS NEWTONS 
(N) 
KILO-
NEWTON 
(kN) 
KILO-
GRAMMES 
(Kg) 
STONES 
(st) 
ASD4; 
ASD4-S 
ASD450-S; 
and 
Competitive 
products 
ASD4; 
ASD5; 
ASD4-S 
AS100; 
AS200; 
ASD3 
500 0.500 50.99 8.03 
750 0.750 76.5 12.04 
 1000 1.000 101.97 16.06 
 1500 1.500* 152.96 24.09 
  1750 1.750* 178.45 28.10 
  2000 2.000* 203.94 32.12 
  2500 2.500* 254.93 40.14 
ASD450-S   3000 3.000* 305.91 48.17 
 *Bariatric testing range 
 
The pressure profile results from AS100 and AS200 can be seen in Figures 5.1- 5.3, 
with the average test data shown in Tables 5.4 - 5.7, along with the pressure profile 
results from ASD3(AS200PRO) in Figure 5.6. The prototype ASD3(AS200PRO) was a 
further development stage in order to improve the flame retardant properties of AS200, 
which used the basic structure of the original AS200, with the addition of a soft spacer 
layer encasing the main original core structure and a FR layer. The Table 5.7 shows 
the data from ASD3. 
 
Table 5.4.  Pressure mapping data for Airospring
® 
AS100 overlay cushion 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
AS100 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 175.43 200 200.00 200.00 
Mean (mmHg) 43.43 45.28 65.21 74.29 
Standard deviation 
(mmHg) 31.06 35.2 38.58 43.18 
Coefficient of variation 
(%) 71.48 77.94 59.21 58.14 
N.B: All above results are the mean values and the cushion was tested without a secondary 
cushion underneath. 
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Table 5.5.  Pressure mapping data for Airospring
® 
AS100 overlay cushion on a foam 
base. 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
AS100 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 165.5 200 200 200 
Mean (mmHg) 39.01 40.72 58.57 63.45 
Standard deviation 
(mmHg) 
 
31.77 
 
32.94 
 
41.06 42.36 
Coefficient of variation 
(%) 
 
81.43 
 
80.9 
 
70.1 66.76 
N.B: All above results are the mean values and the cushion was tested with a secondary 
cushion underneath. 
 
 
Table 5.6.  Pressure mapping data for Airospring
® 
AS200 cushion 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
AS200 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 93.83 174.73 133.89 121.14 
Mean (mmHg) 35.08 45.05 42.73 51.64 
Standard deviation 
(mmHg) 17.45 33.11 24.59 24.87 
Coefficient of variation 
(%) 49.74 73.5 57.54 48.16 
 
 
Table 5.7.  Pressure mapping data for ASD3 prototype cushion 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
ASD3 – AS200PRO 
Development (softer 
spacer in outer layer A1301) 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 117.18 200 200 200 
Mean (mmHg) 41.49 42.79 47.72 54.87 
Standard deviation 
(mmHg) 22.83 29.02 26.41 28.84 
Coefficient of variation 
(%) 55.03 67.83 55.33 52.56 
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Table 5.8.  Pressure mapping data for 66Fit® viscoelastic foam cushion 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
66Fit
®
 cushion - 
viscoelastic foam 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 
76.71 91.55 77.49 153.86 
Mean (mmHg) 
32.6 33.58 30.13 48.49 
Standard deviation 
(mmHg) 
18.23 20.01 13.1 36.09 
Coefficient of variation 
(%) 
55.93 59.59 43.49 74.42 
 
Table 5.9.  Pressure mapping data for Basic PU foam cushion 
 
LOAD at 0.500kN / 
50.2kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
PU Foam 
 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 
200.0+ 200.0+ 200.0+ 200.0+ 
Mean (mmHg) 
54.4 50.6 59.2 65.0 
Standard deviation 
(mmHg) 
34.7 42.6 41.3 46.1 
Coefficient of variation 
(%) 
61.8 83.9 69.3 70.6 
 
After the initial loading, at the start of each new cycle, the area of pressure distribution 
was seen to increase, this was indicated by the ‘Sensing area’, which was recorded 
during the pressure profiling. These results can be seen in Table 5.1.  With each new 
cycle, the area of pressure distribution increased from 711.7cm2 in Cycle 1 to 
1067.5cm2 in Cycle 3 when testing the AS100 overlay cushion.  
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      INITIAL PRESSURE PROFILES                                                  PRESSURE PROFILES after 15mins: 
 
Figure 5.4.   Pressure mapping profiles for Airospring© AS100 overlay cushion using the new methodology. 
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     INITIAL PRESSURE PROFILES                                              PRESSURE PROFILES after 15mins: 
                                         
Figure 5.5.   Pressure mapping profiles for Airospring© AS200 flat wheelchair cushion using the new methodology 
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                                           INITIAL PRESSURE PROFILES                                             PRESSURE PROFILES after 15mins: 
 
       
Figure 5.6.   Pressure mapping profiles for ASD3 (comfort improved AS200) wheelchair cushion. 
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                Figure 5.7.   Pressure mapping profiles for Basic PU foam cushion. 
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Figure 5.8.   Comparative pressure mapping profiles for flat cushions – at initial loading of 0.500kN. 
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5.1.2.1   Analysis of the basic flat cushions 
As shown in Figures 5.7 and 5.8, the basic PU foam cushion at an initial loading 
of 0.500kN encouraged the RCLI to become immersed within the cushion quite quickly. 
The majority of the peak pressure can also be seen in the vulnerable Ischial 
Tuberosities area. This can also be seen in the other cushions, AS100, AS200, ASD3 
and 66Fit® foam cushions in Figure 5.8, where most of the pressure occurs in the IT 
area, although at a reduced level. However, the full immersion did not occur initially in 
cushions, AS100, AS200 and foam cushion 66Fit®, full contact did not occur under the 
0.500kN load at initial loading. ASD3 at a loading of 0.500kN, allowed the RCLI to 
become immersed in the cushion quicker, creating a larger contact area and spreading 
the load.  These spacer fabric cushions, AS100, AS200 and ASD3 responded in much 
the same way as viscoelastic foam cushions at these lower loads (0.500kN and 
0.750kN), this can be seen when compared with the results from the 66Fit® foam 
cushion, see Figure 5.9. All the flat cushions tested gave overall results of below 
55mmHg, except the basic PU foam cushion, which appeared to be unable to support 
and redistribute the high peak pressures around the cushion, when loads of 0.500kN 
and 0.750kN were applied. At lower loads, 0.500kN and 0.750kN, the performance of 
the three spacer fabric cushions and the viscoelastic foam cushion - 66Fit® were 
acceptable in terms of not exceeding overall peak pressures of 60mmHg. Table 5.8 
shows some of the average pressure mapping results for the 66Fit cushion under the 
0.500kN and 0.750kN loads. Tables 5.10 and 5.11, show some of the comparative 
results for the flat cushions. 
 
Table 5.10.  Comparative pressure mapping data on the flat cushions – time ‘0’  
 Initial loading of 0.500kN at time ‘0’ 
Cushions AS200 
FLAT 
ASD3 (new AS200PRO) 
FLAT 
66Fit FOAM 
FLAT 
PU FOAM 
FLAT 
Maximum Value (mmHg) 93.8 117.18 76.71 200.0+ 
Mean (mmHg) 35.1 41.49 32.6 54.4 
Standard deviation (mmHg) 17.5 22.83 18.23 34.7 
Coefficient of variation (%) 49.7 55.03 55.93 61.8 
 Initial loading of 0.750kN at time ‘0’ 
Cushions AS200 
FLAT 
ASD3 (new AS200PRO) 
FLAT 
66Fit FOAM 
FLAT 
PU FOAM 
FLAT 
Maximum Value (mmHg) 133.9 200 77.49 200.0+ 
Mean (mmHg) 42.7 47.72 30.13 59.2 
Standard deviation (mmHg) 24.6 26.41 13.1 41.3 
Coefficient of variation (%) 57.5 55.33 43.49 69.3 
 
Chapter 5 
Carol Diane Hepburn                                                                                                          96 | P a g e  
 
Table 5.11.  Comparative pressure mapping data on the flat cushions – time ‘15’  
 Loading of 0.500kN after time ‘15mins’ 
Cushions AS200 
FLAT 
ASD3 (new AS200PRO) 
FLAT 
66Fit FOAM 
FLAT 
PU FOAM 
FLAT 
Maximum Value (mmHg) 174.7 200 91.55 200.0+ 
Mean (mmHg) 45.1 42.79 33.58 50.6 
Standard deviation (mmHg) 33.1 29.02 20.01 42.6 
Coefficient of variation (%) 73.5 67.83 59.59 83.9 
 Loading of 0.750kN after time ‘15mins’ 
Cushions AS200 
FLAT 
ASD3 (new AS200PRO) 
FLAT 
66Fit FOAM 
FLAT 
PU FOAM 
FLAT 
Maximum Value (mmHg) 121.1 200 172.6 200.0+ 
Mean (mmHg) 51.6 49.87 55.45 65.0 
Standard deviation (mmHg) 24.9 28.84 35.39 46.1 
Coefficient of variation (%) 48.2 52.56 64.46 70.6 
Thickness 49mm 55mm 100mm 80mm 
 
The work carried out during phase three was aimed at reducing the peak pressure 
within the IT area, the peak pressure was always higher in the IT area than in the rest 
of the cushion in all the flat cushions tested, see Figure 5.8, where the IT area exhibits 
a mean peak pressure of 83.6 mmHg and the thigh area a lower pressure of 42.8 
mmHg. Figures 5.9 – 5.11 illustrate the higher pressures found in the IT areas of flat 
wheelchair cushions.  Phase three was the development and testing of shaped or 
contoured wheelchair cushions, in order to reduce this phenomenon. 
       Figure 5.9. Pressure profile of IT area on foam cushion – 66Fit® 
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Figure 5.10. Pressure profile of the IT area on foam cushion – Basic PU cushion 
 
 
Figure 5.11. Pressure profile of the IT area on Spacer cushion – ASD3 (new 
AS200PRO) 
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5.2      Experimental pressure mapping – shaped cushions 
   
The aim of this research was to research and develop a new wheelchair cushion, that 
would protect the most vulnerable area, the IT area. Figures 5.9 – 5.10 show the peak 
pressure, which occurs in the ‘IT area of the PU foam and AS200 flat cushions. The 
shaped prototype cushions, ASD4 and ASD5 were tested by using the universal tester 
and the pressure mat. These prototypes were flat cushions with a shaped-recessed 
area at the back the cushions, to protect the vulnerable ‘IT’ area.  
 
 
5.2.1 Phase Three: Contouring development 
Prototypes ASD4 and ASD5 were developed by creating a recessed area, by uniquely 
preparing and cutting the spacer fabric layers in the IT area, see Chapter 4, Section 
4.3.1.  The data from ASD4 and ASD5 prototypes can be seen in Tables 5.9 and 5.10, 
as well as Figures 5.12. and 5.13.  
These pressure profiling results clearly show a much-reduced pressure in the IT area in 
both these prototypes. Figure 5.14 shows a comparison of the peak pressure in the IT 
area between the prototype ASD4, PU foam and viscoelastic foam cushion, 66Fit. This 
recess was able to transfer peak pressure from the IT area to the thigh or trochanteric 
shelf area, which is a more resilient part of the anatomy to pressure. 
 Table 5.12.  Comparative summary of pressure mapping results at initial loading 
 Initial loading of 0.500kN at time ‘0’ 
Cushions ASD4 
FULL RECESS 
ASD5 
PARTIAL RECESS 
Maximum Value (mmHg) 80.3 81.7 
Mean (mmHg) 29.1 33.7 
Standard deviation (mmHg) 18.8 20.5 
Coefficient of variation (%) 64.5 59.6 
 Initial loading of 0.750kN at time ‘0’ 
Cushions ASD4 
FULL RECESS 
ASD5 
PARTIAL RECESS 
Maximum Value (mmHg) 90.7 87.4 
Mean (mmHg) 45.4 39.7 
Standard deviation (mmHg) 18.3 16.9 
Coefficient of variation (%) 40.4 42.0 
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Table 5.13.  Comparative summary of pressure mapping results after 15mins loading 
 Loading of 0.500kN after 15mins 
Cushions ASD4 
FULL RECESS 
ASD5 
PARTIAL RECESS 
Maximum Value (mmHg) 62.2 105.3 
Mean (mmHg) 21.1 40.6 
Standard deviation(mmHg) 11.8 20.2 
Coefficient of variation (%) 43.4 49.5 
 Loading of 0.750kN after 15mins 
Cushions ASD4 
FULL RECESS 
ASD5 
PARTIAL RECESS 
Maximum Value (mmHg) 105.1 131.2 
Mean (mmHg) 51.3 53.9 
Standard deviation(mmHg) 20.0 25.5 
Coefficient of variation (%) 38.8 47.4 
 
 
    
 
5.2.1.1     Analysis 
 
Prototype ASD4 - The pattern of pressure observed in the IT area in the 
pressure profiles, shows the areas of pressure voids or extremely low pressure in this 
area, created by the full recess in the structure, this was especially seen at low loads of 
0.500kN. With an increase in the load, the recess would begin to mould around the 
RCLI, making more contact with the cushion surface, see Figure 5.12. At an average 
person’s weight of 12 stone (0.750kN), the overall average peak pressures remained 
low.    
Prototype ASD5 – With a partial recess, the pattern of peak pressure was higher 
with virtually no voids of pressure present. The pattern of contact could clearly be seen 
following the shape of the recess, creating possible additional pressure points, 
especially around the outer edges of the recess. At higher loads, the aim of having 
higher pressure in the thigh area, than in the IT area was not fully achieved, with most 
of the pressure occurring toward the back of the cushion, see Figure 5.13. 
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The areas of low or void pressure, as seen in Figure 5.15, which appear in the 
IT area of prototype ASD4 show the advantage of being able to support larger loads 
than 0.750kN positively and this aspect will be tested later in this research. When 
compared with the foam cushion – 66Fit, which also produced some similar void areas 
in the IT area, the advantage was lost, due to the higher peak pressure present in the 
central zones of the IT area, see Figure 5.18   These pressures in the central zones of 
the foam cushion would only increase with an increase in load, putting additional extra 
pressure on the vulnerable IT area.   The other spacer fabric cushions, AS200 and 
prototype ASD5, while still having an overall low pressure in the IT area, still have more 
pressure in the IT area than the thigh area. They also have the ability to spread the 
pressure more evenly over a larger area of the cushion, rather than locate it in specific 
pockets of the overall cushion. This ability was also used by prototype ASD4 to 
accommodate larger loads. 
In general, the prototype ASD4 gave better results overall than prototype ASD5 and 
due to these results, the specifications of prototype ASD4 was used as the final 
partially contoured prototype. Further testing and analysis would be carried out by 
using prototype ASD4. 
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Figure 5.12.    Pressure mapping profile images of ASD4 prototype wheelchair cushion by using the RCLI. 
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Figure 5.13.    Pressure mapping profile images of ASD5 prototype wheelchair cushion by using the RCLI. 
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Figure 5.14.    Comparative peak pressures found in the IT area of flat and contoured cushions – PU foam; Prototype ASD4 and 66Fit 
viscoelastic foam 
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Figure 5.15.    Comparative peak pressures found in the IT area of flat and contoured 
cushions – Prototypes ASD4, ASD5; 66Fit viscoelastic foam and PU foam - Load = 
0.750kN after 15 mins. 
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5.2.2 Phase Four: Full contouring development 
Phase four involved the development of the fully contoured wheelchair cushion, which 
incorporated the Abductor and Adductors. This development proved to be much more 
difficult to test by using the universal tester and RCLI, due to the nature of the template. 
As the RCLI was a rigid structure, the thigh section of the indenter could not move 
slightly apart to accommodate the Abductor in the central part of the cushion, therefore 
some anomalies would occur during testing, creating additional pressure points, that 
would not normally occur with live subjects.  
The prototype, ASD4-S was the fully contoured wheelchair cushion and the pressure 
profiles from the initial tests can be seen in Figure 5.16. This prototype had the 
abductor and adductor features, which not only protects the IT area, but also keeps the 
sitter in a therapeutic position, which also protects the IT area. This prototype stops the 
individual from sliding forwards, which stops the pelvis sliding into the wrong position or 
slipping/slumping sideways, miss-aligning the spine as well as the pelvis. The ASD4-S 
cushion was developed as a medium weight range cushion or low to medium risk 
cushion, which was tested up to loads of 1.500kN.  Prototype ASD450-S was 
developed to accommodate higher loads of 1.000kN upwards, to accommodate the 
Bariatric range, with the possibility of addressing the high-risk category. 
Prototype ASD4-S – The pressure mapping testing went beyond 0.750kN for 
this prototype and the testing was carried out at 0.750kN; 1.000kN; and 1.500kN, with 
some testing being carried out at 2.000kN. These results can be seen in Tables 5.11 
and 5.12. Figures 5.16 – 5.18 illustrate some of the average pressure profile data 
obtained from prototype ASD4-S.  The most positive data was obtained under the 
loads from 0.750kN to 1.500kN.  The contact area for this prototype remained constant 
throughout the test loads, showing that this immersion occurred earlier on in the testing 
periods. From 0.750kN onwards, the IT area continued to have low peak pressures, 
with 1.500kN beginning to show increased pressure in this area, see Figures 5.16 -  
5.18. Figure 5.18 also shows the limitation for this prototype, as the pressure increase 
in the IT area, as well as the remainder of the cushion is significant at a load of 
2.000kN.  
Bariatric prototype ASD450-S – The data for this prototype can be seen in 
Tables 5.13 and 5.14 and Figures 5.19 – 5.22. In both cases, the mean results have 
been presented. This model has been constructed to support higher loads, as seen in 
the bariatric weight ranges of 20st (127kg/ 1.245kN) and higher - morbid obesity is 
sometimes indicated as 25st and above.  The data of significance is from the loadings 
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of 1.000kN upwards and from the results of below 100mmHg, as the mean pressure of 
the overall cushion. Figure 5.22 also shows the limitation of prototype ASD450-S, 
where testing at a load of 3.0kN was shown to generate excessive pressure results of 
200+mmHg in many areas of this prototype cushion. This was a good indication of the 
maximum tolerance for this particular prototype bariatric cushion.  
Comparative commercially available cushions -  As a comparison with the 
prototype contoured wheelchair cushions, a small selection of commercially available 
cushions were sourced from the market to be tested by using this new methodology 
and these were: 
(i) INVACARE® Flo-Tech® contoured foam wheelchair cushion (Invacare Ltd). 
(ii) EMERALD® profiled foam wheelchair cushion (Better Life). 
The data collected from these cushions can be seen in Tables 5.16 – 5.19 and Figures 
5.23 – 5.28.  Invacare Flo-tech and Emerald profile, as viscoelastic foam cushions 
gave good results at the 0.500kN and 0.750kN loads, as expected. The most positive 
results occurred at the initial loading of the cushions, with more pressure gained after 
15 minutes of loading in most cases. The peak mean pressure ranged from 26.5mmHg 
– 79.6mmHg (for 0.500kN-1.500kN) at the initial loading for the Invacare cushion. The 
Emerald cushion recorded data ranges of 25.3mmHg – 58.1mmHg (for 0.500kN-
1.500kN) at the initial loading, slightly better than the Invacare cushion at higher loads. 
(i)  Invacare Flo-Tech contour foam wheelchair cushion – performed well, with 
mean overall pressure results of below 60mmHg at loads of 0.500kN and 0.750kN, at 
the average weight of an adult (12st/0.750kN), this cushion gave an average low 
reading of 27.1mmHg for the overall cushion at initial loading. This increased to an 
average pressure of 43.5mmHg after 15 minutes of loading, still a good performance 
overall, with a fairly even spread of pressure with some higher peak pressure points in 
the IT area, see Figure 5.23. 
(ii) Emerald profile foam wheelchair cushion -  this cushion also performed well at 
the lower loads of 0.500kN and 0.75kN. Data recorded at 0.750kN at initial loading, 
was 25.7mmHg for an overall average, increasing to 52.4mmHg after 15 minutes. The 
Emerald cushion also evidenced in Figure 5.26 that the higher pressure occurred in the 
IT area, both at initial loading and more predominately after 15 minutes of loading.  
At a 1.0kN load, both cushions were approaching their load limits of, 152kg(1.5kN) for 
the Invacare Flo-tech and 140kg (1.37kN) for the Emerald profile cushion, (as indicated 
on the cushion labelling and on the product technical data sheets). The data was 
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recorded for the 1.0kN loading, of 53.7mmHg after 15mins for the Invacare cushion 
and 55.5mmHg for the Emerald cushion. The pressure profile images in Figures 5.27 
and 5.28, show significant pressure increase in the IT areas of both cushions. 
 
Table 5.14.  Pressure mapping data for ASD4-S fully contoured prototype cushion at 
0.500kN to 1.000kN loads 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
LOAD at 1.000kN / 
102.0kgs/16st 
ASD4-S 
Fully contoured 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 93.5 81.04 109.0 108.2 117.7 119.9 
Mean (mmHg) 18.6 27.28 35.5 35.7 40.9 45.1 
Standard 
deviation (mmHg) 20.8 17.32 22.8 23.0 23.1 25.6 
Coefficient of 
variation (%) 111.9 63.5 65.2 63.7 55.6 55.9 
 
Table 5.15.  Pressure mapping data for ASD4-S fully contoured prototype cushion at 
1.500kN to 2.000kN loads 
 
LOAD at 1.500kN / 
153.0kgs/24st 
LOAD at 1.750kN / 
178.5kgs/28st 
LOAD at 2.000kN / 
203.9kgs/32st 
ASD4-S 
Fully contoured 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 169.2 174.4 176.3 200 195.9 200 
Mean (mmHg) 59.4 63.4 64.7 74.9 79.2 87.6 
Standard 
deviation (mmHg) 42.3 42.7 38.7 47.8 47.3 53.0 
Coefficient of 
variation (%) 71.0 67.3 59.4 63.1 59.9 60.4 
 
Table 5.16.  Pressure mapping data for ASD450-S fully contoured bariatric prototype 
cushion at 0.750kN to 1.500kN loads 
 
LOAD at 0.750kN / 
76.5kgs/12st 
LOAD at 1.000kN / 
102.0kgs/16st 
LOAD at 1.500kN / 
153.0kgs/24st 
ASD450-S 
Fully contoured 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 92.9 102.5 113.8 114.1 132.3 122.3 
Mean (mmHg) 29.7 37.4 43.4 45.4 51.3 52.5 
Standard 
deviation (mmHg) 21.4 20.8 26.2 22.8 28.9 29.0 
Coefficient of 
variation (%) 71.9 55.6 60.5 50.3 56.1 55.2 
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Table 5.17.  Pressure mapping data for ASD450-S fully contoured bariatric prototype 
cushion at 1.750kN to 2.500kN loads 
 
LOAD at 1.750kN / 
178.5kgs/28st 
LOAD at 2.000kN / 
203.9kgs/32st 
LOAD at 2.500kN/ 
255kg/40st 
ASD450-S 
Fully contoured 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 133.2 132.5 132.8 200 169.8 197.6 
Mean (mmHg) 64.7 54.8 67.6 74.7 72.5 75.8 
Standard 
deviation (mmHg) 27.3 29.7 27.7 36.3 47.0 45.7 
Coefficient of 
variation (%) 42.1 54.2 41.0 48.7 64.9 60.4 
 
 
Table 5.18.  Pressure mapping data for ASD450-S fully contoured bariatric prototype 
cushion at 2.500kN and 3.000kN loads 
 
LOAD at 2.500kN/ 
255kg/40st 
LOAD at 3.000kN / 
305.9kgs/48st 
ASD450-S 
Fully contoured 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 15mins 
Time (mins) 0 15 0 15 
Maximum (mmHg) 169.8 197.6 200+ 200+ 
Mean (mmHg) 72.5 75.8 102.9 108.2 
Standard 
deviation (mmHg) 47.0 45.7 63.0 65.6 
Coefficient of 
variation (%) 64.9 60.4 61.2 60.7 
 
 
Table 5.19.  Pressure mapping data for Invacare-Flo-tech contoured foam cushion at 
0.500kN to 1.000kN loads 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
LOAD at 1.000kN / 
102.0kgs/16st 
INVACARE 
Flo-Tech 
Contoured 
cushion 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 68.7 135.6 80.5 107.0 78.0 152.9 
Mean (mmHg) 26.5 35.6 27.1 43.5 39.6 53.7 
Standard 
deviation (mmHg) 19.0 21.1 17.0 23.4 19.8 30.3 
Coefficient of 
variation (%) 71.8 59.3 62.5 53.7 49.9 56.4 
 
Chapter 5 
Carol Diane Hepburn                                                                                                          109 | P a g e  
 
Table 5.20.  Pressure mapping data for Invacare-Flo-tech contoured foam cushion at 
1.500kN to 2.000kN loads 
 
LOAD at 1.500kN / 
153.0kgs/24st 
LOAD at 1.750kN / 
178.5kgs/28st 
LOAD at 2.000kN / 
203.9kgs/32st 
INVACARE 
Flo-Tech 
Contoured 
cushion 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 165.7 200 200 200 200 200 
Mean (mmHg) 79.6 79.1 87.6 78.3 89.2 85.5 
Standard 
deviation (mmHg) 37.0 48.01 45.1 51.6 58.9 55.1 
Coefficient of 
variation (%) 46.5 60.7 51.5 65.8 66.0 64.4 
 
 
Table 5.21.  Pressure mapping data for the Emerald profiled foam cushion at 0.500kN 
to 1.000kN loads 
 
LOAD at 0.500kN / 
51.0kgs/8.0st 
LOAD at 0.750kN / 
76.5kgs/12st 
LOAD at 1.000kN / 
102.0kgs/16st 
EMERALD 
Profiled cushion 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 52.2 121.4 70.7 152.2 119.7 150.6 
Mean (mmHg) 25.3 44.9 25.7 52.41 42.3 55.5 
Standard 
deviation (mmHg) 11.9 23.1 21.3 41.7 32.0 36.3 
Coefficient of 
variation (%) 47.1 51.5 82.9 79.5 75.7 65.5 
 
 
Table 5.22.  Pressure mapping data for the Emerald profiled foam cushion at 1.500kN 
to 2.000kN loads 
 
LOAD at 1.500kN / 
153.0kgs/24st 
LOAD at 1.750kN / 
178.5kgs/28st 
LOAD at 2.000kN / 
203.9kgs/32st 
EMERALD 
Profiled cushion 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
INITIAL 
PRESSURE 
PROFILE 
PRESSURE 
PROFILE 
AFTER 
15mins 
Time (mins) 0 15 0 15 0 15 
Maximum (mmHg) 135.5 200 157.2 200 190.3 200 
Mean (mmHg) 58.1 74.4 62.1 89.5 77.1 99.7 
Standard 
deviation (mmHg) 30.7 47.1 38.8 53.8 43.8 46.1 
Coefficient of 
variation (%) 52.8 63.3 62.5 60.1 56.8 46.3 
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Figure 5.16.    Pressure mapping profile images of ASD4-S prototype fully contoured wheelchair cushion using the RCLI 
-  Load 0.750kN and 1.000kN 
 
 
0 4 8 8 14 22 0 6 15 17 16 12 11 4 0 0
1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 25 30 25 22 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
45.24
2759.33
52.53
116.10
21.31
28.11
1682.08
98.40
0.00
73.96
22.65
235.86
15.36
67.79
20.21
15.23
946.17
27.71
0.00
200.00
74.29
4503.94
67.11
90.34
21.74
33.16
735.91
70.69
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
Chapter 5 
Carol Diane Hepburn                                                                                                          111 | P a g e  
 
 
 
 
 
Figure 5.17.    Pressure mapping profile images of ASD4-S prototype fully contoured wheelchair cushion by using the RCLI 
-  Load 1.500kN and 1.7500kN 
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Figure 5.18.    Pressure mapping profile images of ASD4-S prototype fully contoured wheelchair cushion by using the RCLI 
-  Load 1.750kN and 2.000kN 
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Figure 5.19.    Pressure mapping profile images of ASD450-S Bariatric prototype fully contoured wheelchair cushion by using the new 
methodology 
-  Load 0.750kN and 1.000kN 
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Figure 5.20.    Pressure mapping profile images of ASD450-S Bariatric prototype fully contoured wheelchair cushion by using the new 
methodology 
-  Load 1.500kN and 1.750kN 
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Figure 5.21.    Pressure mapping profile images of ASD450-S Bariatric prototype fully contoured wheelchair cushion by using the new 
methodology 
-  Load 2.000kN and 2.500kN 
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Figure 5.22    Pressure mapping profile images of ASD450-S Bariatric prototype fully contoured wheelchair cushion by using the new 
methodology 
-  Load 2.500kN and 3.000kN 
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Figure 5.23.    Pressure mapping profile images of INVACARE® Flo-Tech® contoured foam wheelchair cushion by using the new methodology 
-  Load 0.500kN and 0.750kN 
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Figure 5.24.    Pressure mapping profile images of INVACARE® Flo-Tech® contoured foam wheelchair cushion by using the new methodology 
-  Load 1.000kN and 1.500kN 
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0 0 32 57 59 47 60 45 51 63 58 50 55 28 1 0
0 0 26 53 53 35 53 46 54 58 56 38 40 43 1 0
1 1 30 61 50 37 51 44 54 59 54 39 63 39 2 0
0 12 19 41 31 24 42 48 54 47 38 34 32 78 3 0
0 4 4 11 9 9 10 6 8 20 14 16 16 11 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
78.04
26.27
604.52
24.59
93.60
23.15
21.55
2070.25
100.00
0
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40
50
60
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90
100
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140
150
160
170
180
190
200
mmHg
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0
0 0 12 23 53 18 40 27 13 41 46 38 20 29 0 0
0 1 52 85 97 78 106 70 33 86 105 113 94 46 6 0
0 2 86 104 123 85 122 88 43 100 122 114 119 42 8 1
0 2 101 140 122 94 149 123 57 114 133 139 154 47 7 0
0 2 111 131 122 78 132 146 71 106 162 124 165 55 5 0
0 2 92 124 122 88 125 117 67 107 136 121 153 54 5 0
0 1 93 111 103 65 91 102 48 87 122 89 111 53 3 0
0 1 91 98 98 53 97 100 44 89 108 88 117 44 2 0
0 2 93 106 98 56 107 98 46 92 99 85 103 43 1 0
0 0 87 72 88 51 75 92 50 87 89 68 74 52 3 0
1 3 89 83 90 48 74 83 42 94 95 72 93 58 3 0
0 13 64 59 68 26 58 82 37 72 64 61 58 101 3 0
0 2 7 13 13 6 15 13 7 22 21 24 20 13 3 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
164.73
48.83
2312.08
48.08
98.47
22.65
22.60
2070.25
100.00
0
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60
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80
90
100
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140
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mmHg
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 8 6 24 22 22 16 16 20 22 23 12 3 1 0
0 1 25 27 66 63 73 41 29 56 75 77 57 13 6 0
0 3 51 39 82 92 105 58 44 65 102 92 84 22 8 1
0 2 57 44 90 96 118 79 48 80 111 107 130 21 7 0
1 3 86 59 92 82 102 111 76 74 149 100 153 20 5 0
1 3 65 44 85 95 88 85 75 77 112 88 116 18 5 0
0 3 53 45 71 64 60 66 50 55 83 57 78 21 3 0
0 3 67 30 63 53 58 60 39 55 74 52 86 26 2 0
0 2 54 44 66 58 66 63 46 58 69 49 76 20 2 0
0 1 42 29 50 57 53 59 54 52 50 39 44 27 3 0
2 4 46 34 53 49 45 46 46 53 69 42 64 18 4 0
0 16 27 20 30 28 34 48 38 36 35 31 34 55 4 0
0 4 6 4 12 12 11 10 13 18 19 17 19 7 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
152.93
33.17
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34.97
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0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0
0 0 12 14 31 28 38 21 22 31 26 27 17 48 1 0
0 1 31 31 75 72 85 51 47 66 86 78 68 83 7 1
1 3 62 53 104 117 129 78 51 81 127 103 103 111 10 1
1 3 81 69 129 138 200+ 125 57 120 200+ 178 200+ 132 8 0
1 4 86 78 131 117 200+200+ 90 120 200+200+200+ 127 7 0
1 4 106 97 151 154 166 157 111 138 200+ 160 200+ 120 6 0
1 2 69 57 87 82 85 86 71 73 117 79 103 113 5 0
0 2 59 41 66 62 82 76 63 70 92 66 91 111 3 0
1 2 64 42 70 77 81 73 69 73 84 68 85 108 3 0
1 1 51 36 54 68 61 63 73 60 63 49 51 128 4 0
2 4 47 38 62 60 54 58 63 64 77 51 62 89 4 0
0 18 34 30 40 35 38 47 61 40 41 41 35 86 4 0
0 4 8 7 15 16 15 15 14 22 23 24 19 13 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
48.67
2847.90
53.37
109.64
24.27
23.31
2070.25
100.00
0
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1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 14 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 25 30 25 22 23 35 0 3 3
0 13 52 21 26 35 25 25 22 2 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
45.24
2759.33
52.53
116.10
21.31
28.11
1682.08
98.40
0.00
73.96
22.65
235.86
15.36
67.79
20.21
15.23
946.17
27.71
.00
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Figure 5.25.    Pressure mapping profile images of INVACARE® Flo-Tech® contoured foam wheelchair cushion by using the new methodology 
-  Load 1.750kN and 2.000kN 
 
INVACARE® FLO-TECH® Contour Wheelchair Cushion
Load 1.750kN (178.5kg/28st) Load 1.750kN (178.5kg/28st)
INITIAL PRESSURE PROFILES PRESSURE PROFILES after 15mins:
Load 2.000kN (203.9kg/32st)Load 2.000kN (203.9kg/32st)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0
0 0 12 24 53 31 48 31 10 40 55 41 21 34 1 0
0 1 48 71 108 78 124 83 23 100 121 100 102 45 6 0
0 2 96 102 136 97 156 111 31 115 145 134 137 53 9 1
0 3 113 159 160 111 192 153 45 145 179 175 189 66 7 0
0 3 135 154 152 103 174 177 61 134 200+ 171 198 64 6 0
1 3 100 119 103 81 94 112 54 86 117 90 119 64 5 0
0 2 106 130 126 88 123 125 38 109 140 114 140 64 4 0
0 2 92 90 111 73 117 111 35 104 133 106 137 46 2 0
0 2 88 86 116 77 112 116 34 109 125 91 112 56 2 0
0 1 79 69 95 72 103 94 27 89 97 85 75 38 3 0
1 3 79 76 97 77 93 88 28 94 103 72 93 60 3 0
0 14 63 54 58 44 76 70 24 67 65 63 56 105 3 0
0 2 7 13 16 17 16 14 7 24 23 26 21 16 3 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
53.80
3028.04
55.03
102.29
22.74
22.85
2070.25
100.00
0
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20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 16 25 61 0 53 36 29 45 56 49 26 54 2 0
0 1 64 83 114 0 123 83 68 98 119 124 105 125 7 0
0 2 108 125 161 0 181 133 86 145 174 157 161 139 11 1
0 2 123 156 186 0 200+ 175 119 174 200+200+200+ 144 8 0
0 3 135 157 168 0 200+200+ 147 156 200+200+200+ 145 7 0
1 3 89 112 125 0 145 136 83 149 200+ 176 200+ 141 6 0
1 3 108 133 138 0 131 135 112 113 160 125 143 134 5 0
0 2 88 107 114 0 132 115 100 115 130 105 128 133 3 0
0 2 94 118 104 0 117 97 101 100 97 87 105 115 2 0
0 1 68 84 79 0 77 80 99 75 74 63 66 109 3 0
1 3 79 85 80 0 77 78 92 86 87 76 83 99 4 0
0 14 59 56 52 0 60 72 80 60 56 51 47 105 3 0
0 3 8 12 24 0 17 18 14 25 25 28 27 15 3 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
59.08
4051.46
63.65
107.74
24.11
23.38
2070.25
100.00
0
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20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
0 0 14 16 48 36 43 30 9 39 46 37 22 54 1 0
0 2 42 40 81 78 93 59 24 79 97 90 76 96 7 0
0 3 72 54 119 130 142 83 30 93 146 111 113 124 11 1
1 2 75 70 134 146 200+ 134 37 120 200+ 196 200+ 120 8 0
2 4 99 85 152 141 200+200+ 64 132 200+200+200+ 134 8 0
1 4 91 87 136 147 166 153 55 128 200+ 152 200+ 130 6 0
0 3 68 66 100 91 102 97 36 87 131 86 120 123 5 0
3 64 44 86 81 100 88 32 82 113 83 127 127 3 0
0 2 69 48 79 87 93 86 32 80 100 74 94 126 3 0
0 1 57 41 67 80 80 82 31 59 81 61 70 128 4 0
2 3 68 52 77 71 67 66 29 77 94 63 78 117 4 0
0 16 45 38 53 43 50 64 24 51 50 47 48 102 4 0
0 4 8 8 21 18 16 15 6 26 24 27 23 15 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
51.93
3109.14
55.76
107.38
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23.13
2070.25
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0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 2 0 2 0 0 1 0 0 0 0 0 0
0 0 14 18 46 38 50 26 25 39 45 38 20 59 1 0
0 1 53 67 89 86 124 70 48 71 102 102 86 119 7 0
0 3 82 84 117 130 154 90 55 103 142 117 116 135 11 1
1 3 100 101 165 200+200+ 152 78 143 200+200+200+ 141 9 0
2 4 120 108 174 154 200+200+ 126 144 200+200+200+ 140 8 0
1 4 134 128 168 190 200+ 183 146 169 200+ 190 200+ 153 6 0
1 3 86 75 109 99 112 101 75 89 139 87 128 119 5 0
1 3 76 65 88 81 106 97 63 87 120 89 111 121 4 0
0 2 77 55 83 86 87 82 64 90 95 66 89 131 3 0
0 1 59 42 71 70 72 72 60 65 67 62 52 107 4 0
2 3 61 63 69 66 60 58 51 71 78 54 62 80 5 0
0 15 47 44 48 36 44 53 46 43 41 41 40 112 4 0
0 3 11 8 15 16 18 16 17 24 27 24 19 17 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
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0.00
200.00
56.65
3615.82
60.13
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0
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1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 5 30 5 22 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
45.24
2759.33
52.53
116.10
21.31
28.11
1682.08
98.40
0.00
73.96
22.65
235.86
15.36
67.79
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Figure 5.26.    Pressure mapping profile images of EMERALD® profiled foam wheelchair cushion by using the new methodology 
-  Load 0.500kN and 0.750kN 
0 4 8 8 14 22 0 6 15 17 16 12 11 4 0 0
1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 25 30 25 22 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
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67.79
20.21
15.23
946.17
27.71
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Figure 5.27.    Pressure mapping profile images of EMERALD® profiled foam wheelchair cushion by using the new methodology 
-  Load 1.00kN and 1.500kN 
Load 1.500kN (152.9kg/24st)Load 1.500kN (152.9kg/24st)Load 1.000kN (102kg/16st) Load 1.000kN (102kg/16st)
INITIAL PRESSURE PROFILES PRESSURE PROFILES after 15mins:
0 2 2 12 13 11 6 2 11 17 16 6 0 0 0 0
1 10 21 65 79 70 47 8 61 57 59 44 0 0 1 3
0 15 57 73 110 81 53 13 75 60 63 69 0 0 1 4
1 32 94 120 101 90 78 22 82 80 91 100 0 0 2 6
3 43 97 105 90 77 80 17 73 73 86 91 0 0 3 6
3 47 96 75 89 84 90 40 81 82 83 95 0 5 2 6
0 27 61 48 63 37 33 18 38 35 35 37 0 0 4 4
2 37 67 67 70 56 54 26 54 45 64 69 0 0 2 3
1 31 69 72 71 61 64 19 56 51 67 64 0 0 1 3
1 31 68 67 68 55 56 17 51 47 57 55 0 0 4 5
5 26 71 74 69 50 62 15 48 54 57 55 0 0 2 8
3 30 75 72 80 70 68 21 56 60 64 61 0 0 5 11
3 32 75 75 84 73 82 25 76 70 70 65 0 0 5 16
0 18 43 62 61 50 59 8 43 54 47 40 0 0 1 10
1 3 26 35 34 34 10 3 9 22 24 31 0 0 0 3
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 2
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
119.71
34.95
1068.03
32.68
93.50
18.95
24.44
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
2 12 11 30 44 42 27 20 39 51 47 22 17 0 0 1
3 20 55 90 98 97 79 41 81 85 84 81 60 22 3 5
3 35 86 82 95 93 65 37 78 78 88 86 85 4 2 4
4 66 126 110 108 113 100 47 100 99 120 119 115 19 5 6
12 77 135 111 104 111 114 56 91 96 107 116 108 28 6 9
4 78 116 88 87 94 101 77 81 90 86 90 97 5 3 8
4 66 105 76 84 78 86 44 80 72 80 82 97 0 5 6
4 63 84 60 72 72 76 47 67 56 72 68 83 16 3 2
3 52 78 54 58 66 69 36 58 49 71 54 83 22 2 2
3 53 74 56 61 58 55 44 59 51 55 52 70 4 4 5
8 47 73 52 52 53 58 26 50 53 49 45 66 14 3 7
5 45 64 40 42 63 58 35 60 39 46 46 55 0 6 8
8 53 80 43 55 64 69 39 77 63 58 52 79 5 6 15
4 43 56 36 44 43 72 14 61 53 40 38 52 12 3 18
0 16 52 33 31 58 28 12 18 44 33 36 45 6 0 5
0 3 19 29 27 15 4 2 3 6 14 19 16 0 0 2
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
135.47
48.06
1201.41
34.66
72.12
20.52
25.67
2070.25
100.00
0
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90
100
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200
mmHg
1 9 8 0 30 26 18 14 27 35 30 15 14 0 0 2
2 24 33 0 66 60 43 25 50 59 56 54 35 9 3 5
3 46 102 0 151 122 78 45 105 113 119 110 121 13 3 6
4 41 127 0 139 120 96 53 117 105 144 108 128 15 4 6
4 59 134 0 129 124 122 55 105 98 113 113 114 22 4 6
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 57 80 1 79 74 76 57 69 66 72 72 90 13 5 5
3 61 64 0 62 53 54 50 59 45 61 59 78 16 3 3
5 53 66 0 57 50 46 44 47 41 57 44 77 8 2 3
5 47 55 0 45 36 39 38 39 41 39 44 79 4 4 4
9 49 57 0 42 43 39 30 40 40 37 44 61 14 3 4
8 50 103 0 94 92 85 49 80 78 83 82 90 16 6 5
8 53 65 0 53 59 69 41 53 49 49 56 81 3 3 9
4 35 47 0 56 46 62 25 41 64 54 52 60 5 3 19
1 16 30 0 36 39 18 13 14 36 35 33 32 3 0 5
0 3 9 0 14 9 6 4 6 6 9 13 9 0 0 3
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
150.64
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37.52
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mmHg
3 17 18 5 47 49 38 29 48 59 51 32 26 10 1 3
4 31 58 11 106 104 94 56 82 97 93 91 63 27 5 6
6 47 95 14 139 117 83 74 90 107 115 87 102 35 4 7
9 77 149 14 200+200+ 142 101 198 150 200+ 130 162 43 8 10
14 83 200+ 16 200+200+200+ 108 152 157 200+ 156 185 45 8 13
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 69 105 12 113 96 100 102 89 85 99 80 114 33 6 7
5 66 81 9 75 66 89 76 69 58 73 72 85 36 4 4
6 63 83 9 62 64 88 74 57 63 72 68 92 32 3 3
6 53 76 7 68 59 74 73 60 59 64 61 84 19 4 4
12 54 80 7 70 58 84 72 60 67 69 62 86 33 4 4
11 57 62 7 66 55 66 69 52 62 61 57 67 22 7 6
11 59 82 7 72 67 103 90 78 76 69 71 95 24 5 11
7 47 70 6 67 69 97 39 68 80 67 59 73 18 4 21
4 22 52 6 50 60 40 20 26 55 49 51 44 10 1 5
0 6 22 2 32 24 8 7 7 13 22 20 18 2 0 2
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
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EMERALD® Profiled Wheelchair Cushion
0 4 8 8 14 22 0 6 15 17 16 12 11 4 0 0
1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 25 30 25 22 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
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Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
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0.00
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45.24
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Figure 5.28.    Pressure mapping profile images of EMERALD® profiled foam wheelchair cushion by using the new methodology 
-  Load 1.750kN and 2.000kN 
 
 
1 10 15 40 58 53 35 30 56 63 54 20 19 0 0 3
2 18 56 92 114 94 75 46 84 76 84 70 57 13 3 5
3 33 98 112 145 107 78 56 95 89 105 95 112 22 3 5
5 66 150 140 156 133 118 95 140 123 148 102 145 32 7 8
16 75 154 136 157 133 137 99 126 117 134 90 124 44 7 11
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
7 64 117 97 120 89 98 106 100 85 101 74 117 22 5 6
6 59 93 87 98 80 81 83 87 65 82 48 89 26 3 3
4 55 79 79 89 76 77 80 78 61 69 44 83 12 2 3
4 52 87 70 83 66 72 74 74 61 65 61 98 24 4 4
9 48 77 67 63 61 61 51 65 53 47 33 72 0 3 5
7 48 70 65 74 66 60 68 67 61 60 44 71 5 6 6
9 52 68 68 60 82 80 72 92 48 44 35 57 23 5 13
4 40 50 67 49 60 73 22 72 44 36 25 40 20 3 20
1 17 50 45 32 59 27 14 19 38 30 25 37 10 0 6
0 3 25 36 33 20 5 4 4 9 16 18 15 1 0 2
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0.00
157.19
51.35
1729.66
41.59
80.99
20.31
25.54
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
Load 1.750kN (178.5kg/28st) Load 1.750kN (178.5kg/28st)
INITIAL PRESSURE PROFILES PRESSURE PROFILES after 15mins:
Load 2.000kN (203.9kg/32st)Load 2.000kN (203.9kg/32st)
3 7 25 17 74 66 49 36 63 71 70 42 34 10 1 4
5 11 84 35 125 119 94 52 104 108 107 96 88 39 5 6
6 24 127 48 163 158 121 77 141 131 140 130 131 41 5 7
11 38 18 65 200+200+ 184 109 200+200+200+ 165 200+ 43 9 11
24 51 200+ 66 200+200+200+ 116 200+200+200+200+200+ 50 9 15
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
11 32 146 46 153 128 152 125 124 122 136 122 149 39 7 8
8 26 118 33 114 108 113 101 110 100 115 103 128 42 4 4
7 27 106 31 104 101 106 87 95 90 106 90 124 38 3 3
7 21 94 23 91 83 101 73 83 79 84 72 102 34 4 5
11 19 101 23 92 86 84 72 76 83 79 69 104 18 4 4
12 23 100 26 92 93 90 73 78 83 83 84 94 22 8 6
12 24 98 20 94 89 100 85 98 86 82 77 103 31 5 11
8 16 79 17 79 78 94 41 79 80 71 66 78 29 4 21
2 10 64 14 56 64 38 21 31 66 49 56 54 13 1 6
0 4 28 8 35 28 8 7 8 14 21 24 25 3 0 3
Minimum (mmHg)
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Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
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Regional distribution (%)
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3 25 50 61 88 78 34 33 60 53 59 51 44 42 4 5
4 65 100 107 150 117 47 63 116 115 120 108 122 38 3 6
8 108 160 159 180 167 76 113 172 154 182 154 169 36 8 10
22 126 175 162 190 173 103 119 161 149 168 158 165 45 8 13
6 111 152 128 163 144 87 134 131 140 140 133 150 31 4 9
8 103 126 118 143 114 67 114 125 112 126 115 143 31 6 6
7 83 79 73 93 91 43 63 99 88 102 82 87 29 3 3
5 85 86 75 96 93 50 67 94 79 97 79 104 40 2 3
5 79 84 74 91 74 55 72 79 69 76 65 102 20 4 5
10 69 88 69 82 69 46 60 73 72 72 61 96 13 4 4
9 65 66 56 60 69 41 40 63 66 71 50 55 41 6 5
11 69 72 61 68 65 40 56 79 70 70 49 73 22 5 13
7 63 51 53 53 62 38 30 69 69 55 35 50 29 3 21
2 26 54 43 42 63 24 18 28 57 42 32 49 14 0 6
0 7 25 32 34 24 7 4 5 12 19 25 21 2 0 2
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
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3 12 26 44 70 69 44 36 68 73 69 41 33 17 1 3
5 15 75 78 116 106 83 51 89 99 95 83 76 33 5 6
6 28 115 96 172 148 107 64 134 138 140 122 132 37 4 7
11 43 170 124 200+200+ 165 115 200+ 175 200+ 150 162 45 9 10
26 52 200+ 149 200+200+200+ 131 200+200+200+200+ 190 54 9 15
9 42 128 76 200+ 147 136 102 121 126 119 105 129 39 6 9
12 38 149 109 158 148 151 124 137 143 156 130 157 44 7 7
8 33 124 78 121 120 101 98 120 105 120 111 129 36 5 4
7 33 109 80 110 103 95 91 100 93 110 88 118 32 3 3
6 27 93 67 87 82 87 72 80 76 80 69 101 26 4 4
12 29 102 67 95 80 80 69 77 83 83 71 103 33 4 3
12 25 92 62 91 87 80 72 79 76 80 76 90 23 8 5
12 31 101 59 81 84 84 80 84 78 81 66 100 45 5 9
8 23 75 53 74 68 67 37 73 78 64 54 69 33 4 21
3 12 62 36 50 65 32 19 28 56 44 47 50 15 0 5
0 6 30 23 36 25 8 5 7 14 21 22 25 3 0 3
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
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71.87
2989.00
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76.07
21.50
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EMERALD® Profiled Wheelchair Cushion
0 4 8 8 14 22 0 6 15 17 16 12 11 4 0 0
1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 3 74 4 47 53 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 3 0 25 0 25 2 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
Minimum (mmHg)
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Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
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45.24
2759.33
52.53
116.10
21.31
28.11
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0.00
73.96
22.65
235.86
15.36
67.79
20.21
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27.71
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67.11
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5.2.2.1     Analysis 
The data received from testing the fully contoured prototype wheelchair cushions was 
important to determine the viability of these new structures. The recess at the back of 
the cushions proved to be very successful in reducing the peak pressure in the 
vulnerable IT area. Further development of these prototypes into fully contoured 
cushions did not appear to have diminished the positive aspects of the recess. The 
addition of the abductor and adductors, although difficult to test, improved the overall 
properties of these prototypes. The analysis of the different sections of these 
prototypes was important, in order to understand what was happening when a load was 
applied. The IT area in particular, was observed in comparison with the other sections 
of the cushions.  
Comparative wheelchair cushions – The commercially available foam wheelchair 
cushions Emerald and Invacare Flo-tech, both tested well at the loads 0.500kN, 
0.750kN and 1.000kN. This comparison can be seen in Figure 5.40, where the data 
from prototypes ASD4-S and ASD450-S was compared with the Emerald and Invacare 
Flo-tech foam cushions, at a load of 1.000kN after 15 minutes of loading. This was an 
above average weight, which illustrated how all four cushions could distribute the 
pressure successfully. However, where the areas in which the pressure is distributed 
are clearly seen.  It is obvious from Figure 5.40 that the highest peak pressure has 
been located in the thigh area in the prototypes ASD4-S and ASD450-S by design. On 
the other hand the higher peak pressure can be seen mainly in the IT area in both the 
Emerald and Invacare Flo-tech foam cushions. All four cushions have been designed 
to have a recess type area at the back of the cushion, to accommodate the vulnerable 
IT area. However, the way each ‘recess area’ reacted to a given load, appears to be 
different, as illustrated in Figure 5.30.  The behaviour of each cushion in the IT area 
only, can be seen in Figure 5.29, where after 15 minutes at the load 0.750kN, it can be 
clearly seen that the prototype cushions ASD4, ASD4-S and ASD450-S all registered 
lower average peak pressure in the IT area. This ranged from 17.7mmHg – 32.9mmHg, 
for these three prototype cushions. The Emerald and Invacare wheelchair foam 
cushions, registered average peak pressures of 79.0mmHg and 50.4mmHg 
respectively in the IT area. This feature, of maintaining a lower pressure in the IT area 
is extremely important, especially at higher loads for the bariatric prototype wheelchair 
cushion. The ability of the human buttocks, to tolerate higher pressure in the thigh area   
than the IT area has been a significant feature in the design of these prototype 
wheelchair cushions. Throughout the testing of the comparative commercially available 
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wheelchair cushions, this feature of supporting or re-distributing the pressure to the 
thigh area was not evident. The highest peak pressure always occurred in the IT area 
in the Emerald and Invacare foam cushions, especially after 15 minutes of loading, 
even when the overall average pressure for the whole cushion was low. The prototype 
cushions, performed exactly as designed, because they protected the IT area better 
than the Emerald and Invacare foam wheelchair cushions, by maintaining a lower peak 
pressure in this area at loads ranging from 0.500kN up to 1.500kN, which represent a 
category of wheelchair cushion of low to medium risk.  
Prototype ASD4-S – This prototype was targeted at the low to medium weight 
range (8st – 16st/51kg – 102kg) and although the cushion was tested from 0.500kN, 
the weights of real interest were, 0.750kN and 1.0kN. The recess feature, already 
incorporated into prototype ASD4, was used again in this prototype. Figure 5.31 shows 
the positive effect this feature has on this prototype, with the recess diagram 
superimposed onto a pressure profile in Figure 5.32. The aim of the recess was to 
reduce the pressure in the vulnerable IT area and transfer the pressure to the thigh or 
trochanteric shelf. This can be seen in Figures 5.33 and 5.34, which show the average 
pressure measured in three areas, the IT, the thigh area and a final overall average 
pressure for the whole cushion.  At a load of 0.750kN, the pressure in the IT area was 
extremely low, with the highest pressure measured in the thigh area. Overall, the 
average pressure for the whole cushion was extremely low after loading for 15mins, 
see Table 5.14. A recess outline was overlaid onto Figure 5.33 to show its location, 
relative to the pressure exhibited in that area. Loading at the next stage, of 1.0kN, 
Figure 5.34 demonstrates that although the peak pressure has increased, the IT area 
was still the lowest area, with the highest pressure located in the thigh area once again. 
When tested at a much higher load of 2.0kN, although the IT area remained the lowest 
area for pressure, areas of extremely high peak pressure were evident in the IT and 
thigh area, of pressures exceeding 200mmHg. These were found in the section 
between the recess and the Abductor and on the edges of the recess, this can be seen 
more clearly in Figures 5.35 and 5.36.  This phenomenon occurred at high loads and 
might be eliminated with a change to the internal structure of the core. This was 
executed and a slight change in the structure was achieved for the prototype ASD450-
S to help accommodate the larger loads. The prototype ASD4-S, was compared with 
the Emerald and Invacare foam wheelchair cushions, as it conforms to this particular 
target group or category of wheelchair cushions, which range from low risk to medium 
risk. The maximum load for the Emerald foam wheelchair cushion was 140kg or 
1.373kN and 152kg or 1.491kN for the Invacare Flo-tech foam wheelchair cushion. The 
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analysis of the results at a load of 1.500kN can be observed in Figure 5.41. and Table 
5.23, which are just above the load limits of the commercially available foam 
wheelchair cushions. Both the comparative commercially available foam cushions have 
reasonable higher peak overall pressures, but have large increases in pressure in the 
IT area, as seen in Table 5.23. Both the prototypes, ASD4-S and ASD450-S have 
increased peak pressure in the overall cushion area, but a significantly lower peak 
pressure in the IT area, in comparison with the Emerald and Invacare foam cushions. 
The prototype ASD4-S, performs better against the comparative commercially available 
foam wheelchair cushions and slightly better in this category. 
 
Bariatric Prototype ASD450-S – One of the original aims for these prototypes was 
to encourage the peak pressure to occur mainly in the thigh area along the trochanteric 
shelf, which is a less vulnerable part of the anatomy. This occurred quite successfully 
in prototype ASD4 at low weight loads. In prototype ASD450-S, this also occurred at 
lower weight loads, such as 0.750kN – 1.500kN, but as the load was increased, the 
pressure exerted began to even out across the whole cushion. Figures 5.36 – 5.39 
illustrate the average peak pressure found in the various sections of the cushion. The 
data shows that the average pressure was becoming more equal across the cushion, 
with an increase in load. Figure 5.36 shows that at a load of 1.0kN, the IT area was still 
the area of the lowest pressure, with more pressure occurring in the thigh area. Figure 
5.37 shows the points of pressure under a load of 1.5kN. Once again, the IT area was 
the lowest pressure section on the cushion, however, the difference in pressure 
between these sections was gradually reduced. When the data from Figure 5.38 was 
analysed, the peak pressure obtained under a load of 2.0kN in each section, was found 
to be within an average of 5mmHg, illustrating the equalisation & re-distribution of 
pressure around the whole cushion at this load. The recess area at the back of the 
cushion, appeared to be supporting the RCLI and as compression continued, the peak 
pressure was increasing, but at a lower rate, gradually equalling out with the remainder 
of the cushion. The unique structure of the recess was allowing this to happen, without 
creating new additional higher peak pressure points, which can sometimes happen 
when just a ‘hole’ is added in the recess area.  Figure 5.39 shows what occurred under 
the load of 2.5kN, where all three sections have an average peak pressure of 
80mmHg. Although higher than normal, the pressure can be clearly seen more equally 
distributed about the whole cushion.  As found with the comparative commercially 
available foam cushions, the ASD450-S prototype was found to reach its load limit of 
2.0kN and 2.5kN. The data collected at a load of 3.0kN, proved to generate peak 
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pressure reading in excess of 200+mmmHg in the thigh area and the leading edge of 
the recess. Even at this high load and increased peak pressure, parts of the recess 
area (IT area) still generated lower peak pressure. The average peak pressure 
generated in just the IT area was 73.9mmHg, at a load of 3.0kN after 15 minutes.  This 
reading presented the possibility for the improvement in the future prototypes. 
Overall, the prototypes ASD4-S and ASD450-S, achieved their overall aims, competing 
well with their viscoelastic foam counterparts, Emerald and Invacare Flo-tech foam 
wheelchair cushions. The contoured structure incorporated into these prototypes was 
able to manage the pressure exerted at a whole range of test loads, ranging from 
0.500kN – 2.500kN. Prototypes ASD4-S and ASD450-S were both able to successfully 
achieve the aim of reducing the peak pressure in the vulnerable IT area, thus 
potentially helping to reduce the incidence of pressure ulcers, see Table 2.24.  
 
 
Table 5.23.   Comparison pressure average after 15 mins at the load 1.500kN  
Overall cushion area 
 
LOAD at 1.500kN / 153.0kgs/24st 
Wheelchair 
cushions 
 
Prototype 
ADS4-S 
Cushion 
Bariatric 
Prototype 
ADS450-S 
cushion 
INVACARE 
cushion 
EMERALD 
cushion 
Time (mins) 15 15 15 15 
Maximum (mmHg) 174.4 122.3 200 200 
Mean (mmHg) 63.4 52.5 79.1 68.2 
Standard 
deviation (mmHg) 42.7 29.0 48.0 46.6 
Coefficient of 
variation (%) 67.3 55.2 60.7 68.4 
‘IT’ Area only 
 
LOAD at 1.500kN / 153.0kgs/24st 
Wheelchair 
cushions 
 
Prototype 
ADS4-S 
Cushion 
Bariatric 
Prototype 
ADS450-S 
cushion 
INVACARE 
cushion 
EMERALD 
cushion 
Time (mins) 15 15 15 15 
Maximum (mmHg) 164.6 102.5 200 200 
Mean (mmHg) 53.4 40.3 102.3 87.9 
Standard 
deviation (mmHg) 29.3 27.2 56.5 62.7 
Coefficient of 
variation (%) 54.9 67.6 55.2 71.4 
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Table 5.24.   Peak pressures in the vulnerable IT area and whole cushion area compared across all pressure relieving cushions 
 
LOAD at 0.750kN / 
76.5kgs/12st 
LOAD at 1.000kN / 
102.0kgs/16st 
LOAD at 1.500kN / 
153.0kgs/24st 
LOAD at 2.000kN / 
203.9kgs/32st 
Cushions – FLAT 
 
IT area 
 
Whole area 
 
IT area 
 
Whole area 
 
IT area 
 
Whole area 
 
IT area 
 
Whole area 
AS100 overlay cushion 
 
55.4 
 
63.5 
----- ----- ----- ----- ----- ----- 
AS200 cushion 
 
49.5 
 
51.6 
----- ----- ----- ----- ----- ----- 
ASD3 (AS200PRO) wheelchair cushion 
 
39.9 
 
54.9 
----- ----- ----- ----- ----- ----- 
66Fit® Foam Cushion 
 
83.6 
 
48.5 
----- ----- ----- ----- ----- ----- 
Basic PU Foam flat cushion 
 
101.4 
 
65.0 
----- ----- ----- ----- ----- ----- 
Cushions – CONTOURED/SHAPED 
----- ----- ----- ----- ----- ----- 
Prototype ASD4 cushion  
 
24.0 
 
51.0 
----- ----- ----- ----- ----- ----- 
Prototype ADS4-S cushion 17.7 27.9 
 
37.4 
 
44.3 39.3 52.5 
 
81.7 
 
87.6 
Bariatric Prototype ADS450-S 
Cushion 27.2 35.1 
 
26.9 
 
38.7 48.6 63.5 
 
59.4 
 
70.4 
INVACARE cushion 50.4 43.5 
 
70.7 
 
53.7 102.0 79.1 
 
120.4 
 
85.5 
EMERALD cushion 69.3 52.4 
 
55.5 
 
55.5 79.3 74.4 
 
112.9 
 
99.7 
      Acceptable pressure range used: 0mmHg – 50mmHg for IT area only (results outside the acceptable range in Red) 
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Figure 5.29.  Comparison of pressure in the IT area – load 0.750kN after 15mins         
 
0 3 1 3 5 5 3 4 4 10 14 4 4 0 0 0
0 6 5 30 42 37 26 13 22 39 54 34 22 0 0 1
0 9 15 41 32 26 14 9 13 21 27 26 29 0 0 0
1 14 7 23 35 34 22 10 24 37 44 29 17 0 0 0
1 22 10 49 42 44 40 18 27 40 44 41 24 0 1 2
2 28 12 31 32 41 34 22 30 37 36 36 40 5 0 0
0 27 27 75 73 65 77 55 40 62 69 71 81 4 2 0
2 45 29 76 72 78 81 70 38 74 99 86 90 5 2 0
2 21 24 78 66 59 68 56 35 61 71 70 78 0 1 0
0 17 25 82 72 65 66 59 37 78 74 67 76 0 3 2
2 10 20 63 46 42 55 32 27 46 42 40 61 0 2 1
0 9 18 48 47 62 47 35 26 39 43 48 53 0 2 3
0 5 14 39 38 47 33 29 23 34 39 34 41 0 1 3
0 3 8 33 28 26 25 8 10 25 28 25 31 0 0 4
0 1 3 21 13 17 7 2 1 8 12 15 12 0 0 1
0 0 0 7 2 3 0 0 0 0 4 0 3 0 0 3
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
98.60
25.29
625.14
25.00
98.88
21.64
23.17
2070.25
100.00 0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
ASD4
ASD450-S
32.9mmHg0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0
0 0 5 7 21 15 20 12 9 21 23 20 9 0 1 0
0 1 22 21 46 61 59 32 26 48 63 69 45 25 6 0
0 2 38 27 72 71 81 40 34 62 72 70 77 13 6 1
0 2 53 35 74 75 93 67 41 71 88 82 107 28 6 0
0 2 61 32 66 56 73 76 52 54 97 76 106 20 5 0
0 2 50 33 52 66 69 62 51 58 89 65 107 20 5 0
0 1 55 27 50 54 43 55 37 39 70 41 62 23 2 0
0 2 70 24 55 47 53 57 46 50 74 54 88 21 2 0
0 2 48 25 48 54 52 45 43 45 56 39 58 17 2 0
0 0 47 19 38 39 44 51 40 38 51 34 37 21 3 0
1 5 41 21 39 44 39 44 40 45 54 37 55 22 3 0
0 14 22 14 28 24 28 42 36 30 31 31 29 54 3 0
0 3 5 4 7 9 9 8 8 13 13 16 13 6 4 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
107.04
26.86
765.62
27.67
103.03
23.30
22.71
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
INVACARE
viscoelastic foam
5 .4mmHg
0 5 0 1 0 0 0 0 0 0 0 1 2 0 0 0
0 2 1 4 3 1 0 0 1 0 0 3 5 0 0 0
0 9 5 18 33 20 19 12 15 26 42 19 11 14 4 0
1 17 22 35 40 36 40 24 25 40 39 39 21 22 5 1
1 12 26 24 30 39 45 19 24 35 34 21 25 16 5 1
3 21 14 24 32 29 26 16 18 32 40 29 14 9 6 0
5 24 38 33 28 22 30 18 17 24 35 29 31 19 19 2
3 27 45 46 39 46 47 4 26 40 48 41 46 29 17 2
3 28 50 63 57 69 75 59 32 59 66 65 82 30 16 0
3 26 47 64 69 56 70 85 35 75 52 59 86 21 15 1
6 20 55 48 52 53 92 94 37 56 50 59 71 38 11 2
7 19 51 58 61 53 92 111 34 69 50 50 63 39 16 2
8 11 42 40 51 47 67 86 33 60 50 44 39 36 18 3
5 8 31 36 46 32 67 94 28 42 46 38 40 26 22 4
4 17 21 33 39 29 79 43 36 36 31 43 38 27 32 9
0 15 6 17 12 13 32 10 16 15 15 16 13 29 34 2
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
111.22
28.43
544.25
23.33
82.06
22.29
18.45
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
ASD4-S
17.70mmHg
P
R
O
T
O
T
Y
P
E
 C
U
S
H
IO
N
S
EMERALD
viscoelastic foam
79.0mmHg
Areas of  low or v oid pressure
Areas of  low or v oid pressure
C
O
M
P
A
R
IS
O
N
 C
U
S
H
IO
N
S
3 0 3 2 14 5 3 1 0 1 3 1 2 0 1 0
2 3 20 25 66 71 38 23 14 30 30 33 38 3 10 1
0 7 19 41 102 64 54 44 22 63 54 63 67 4 22 1
1 7 22 27 46 34 31 28 14 35 32 34 40 0 11 1
0 11 51 32 35 30 20 14 17 24 23 28 38 4 17 4
2 10 42 63 57 52 36 28 24 35 40 46 53 4 20 3
2 11 47 68 66 75 52 37 28 34 40 43 67 2 23 3
2 16 34 65 71 56 40 52 32 40 55 65 93 19 23 1
3 19 38 63 63 66 50 58 35 54 47 52 81 23 23 0
3 17 38 53 67 66 74 64 38 55 47 45 77 8 21 1
4 19 42 59 61 43 73 62 35 59 46 50 89 9 24 1
4 19 36 48 56 48 69 53 35 57 42 49 64 15 28 2
7 17 28 39 54 48 55 75 46 53 44 46 45 3 32 2
3 18 20 34 43 34 53 20 23 46 24 32 40 3 28 1
2 11 5 12 22 21 9 6 7 22 16 18 24 4 14 3
0 1 2 2 1 1 0 1 0 3 4 1 3 6 4 1
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
102.47
29.14
554.17
23.54
80.79
22.10
22.76
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
Areas of  low or v oid pressure
24.0 mmHg
1 3 4 0 18 16 10 8 27 22 18 11 9 0 0 0
1 9 43 0 99 95 77 39 81 88 84 75 54 0 1 4
2 17 82 0 138 114 100 58 104 98 08 107 97 3 2 5
2 29 117 0 128 126 135 77 124 120 141 140 127 10 2 4
3 33 127 0 107 107 152 69 109 99 20 28 121 6 3 5
4 36 90 0 96 83 115 96 108 85 78 90 109 0 2 5
2 31 104 0 93 84 93 77 90 68 87 95 115 10 3 3
2 30 88 0 82 72 81 69 83 61 80 92 105 0 2 2
4 27 85 0 73 59 77 63 71 56 68 78 102 0 1 2
3 19 61 0 52 52 62 52 62 49 54 51 62 4 3 3
5 20 75 0 60 57 79 57 59 55 52 63 86 0 2 3
5 21 80 0 75 77 82 59 65 58 67 80 78 0 4 5
5 19 83 0 71 70 95 77 81 72 72 68 89 0 3 8
3 13 65 0 73 67 89 34 63 70 61 59 67 1 2 13
0 5 25 0 43 40 18 12 17 30 27 46 34 1 0 4
0 0 5 0 8 5 3 2 3 2 5 6 5 0 0 3
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
152.23
46.23
1785.14
42.25
91.39
22.19
25.31
2070.25
100.00
0
10
20
30
40
50
60
70
80
90
100
110
120
13
14
15
16
17
18
19
20
mmHg
Emerald Profile foam wheelchair cushion
RECESS AREA
Invacare Flo-tech foam wheelchair cushion
0 4 8 8 14 22 0 6 15 17 16 12 11 4 0 0
1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
5 22 161 200+200+200+ 1 54 138 200+200+200+200+ 36 6 7
3 20 131 149 200+ 153 0 116 103 142 163 200+ 133 23 5 6
4 17 105 79 93 74 0 61 87 70 82 85 88 22 5 3
3 13 74 42 47 53 0 33 55 41 42 49 54 4 4 2
3 14 61 38 37 46 0 28 35 25 34 32 38 4 4 0
3 16 49 26 27 37 0 25 30 25 22 23 35 0 3 3
0 13 52 21 26 35 0 25 25 22 24 22 30 0 4 3
2 10 45 27 28 38 0 25 22 23 29 28 31 0 4 4
2 6 37 24 18 32 0 28 24 21 20 19 27 0 3 3
0 4 37 28 23 26 0 15 16 31 21 22 24 12 4 5
2 2 30 25 26 23 0 7 5 20 21 26 19 8 2 5
0 0 12 19 18 15 0 2 1 4 12 12 14 2 0 6
Minimum (mmHg)
Maximum (mmHg)
Average (mmHg)
Variance (mmHg²)
Standard deviation (mmHg)
Coefficient of variation (%)
Horizontal center (cm)
Vertical center (cm)
Sensing area (cm²)
Regional distribution (%)
0.00
200.00
45.24
2759.33
52.53
116.10
21.31
28.11
1682.08
98.40
0.00
73.96
22.65
235.86
15.36
67.79
20.21
15.23
946.17
27.71
0.00
200.00
74.29
4503.94
67.11
90.34
21.74
33.16
735.91
70.69
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
mmHg
Figure 5.30.  Comparative commercially available 
foam cushions – Recess areas [68, 77]. 
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Figure 5.31.    Pressure profile images of ASD4-S showing the effect of the ‘recess area’ under 3 different common weights. 
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Figure 5.32.    Pressure profiles indicating the location of the ‘Recess’ at the back 
of the prototype cushion ASD4-S. 
 
 
 
Figure 5.33.   Comparison of peak pressure in different sections of the prototype 
cushion ASD4-S – (Section areas – IT; Thigh and Overall): Load = 0.750kN). 
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Figure 5.34.   Comparison of peak pressure in different sections of the prototype 
cushion ASD4-S – (Section areas – IT; Thigh and Overall): Load = 1.0kN). 
Figure 5.35.  (i) - Area of high pressure exceeding 200mmHg at a load of 2.0kN 
Pressure profile.  (ii) Areas of high pressure exceeding 200mmHg. 
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Figure 5.36.   Comparison of peak pressure in different sections of the prototype 
cushion ASD450-S – (Section areas – IT; Thigh and Overall): Load = 1.0kN). 
 
Figure 5.37.   Comparison of peak pressure in different sections of the prototype 
cushion ASD450-S – (Section areas – IT; Thigh and Overall): Load = 1.5kN). 
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Figure 5.38.   Comparison of peak pressure in different sections of the prototype 
cushion ASD450-S – (Section areas – IT; Thigh and Overall): Load = 2.0kN. 
 
 
Figure 5.39.   Comparison of peak pressure in different sections of the prototype 
cushion ASD450-S – (Section areas – IT; Thigh and Overall): Load = 2.5kN. 
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Figure 5.40.   Comparative pressure mapping profiles of the contoured cushions – at 15 mins after loading of 1.0kN. 
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0 2 54 44 66 58 66 63 46 58 69 49 76 20 2 0
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Thickness = 95mm Thickness = 110mm Thickness = 90mm Thickness = 110mm
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1 8 31 44 55 54 0 19 37 59 60 54 44 4 2 3
2 8 51 66 70 44 0 17 30 36 39 35 32 19 4 3
6 16 133 149 200+ 150 0 39 106 143 200+200+ 138 27 6 8
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Figure 5.41.   Comparative pressure mapping profiles of the contoured cushions – at 15 mins after loading of 1.500kN. 
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Chapter 6 
Results and Discussion – Flame retardancy 
 
6.0      Experimental Work  
The experimental work on the burning behaviour of the core composites of the cushion 
prototypes were carried out, by using the modified Mydrin test method. The results 
were documented as Pass/Fail and the number of seconds to self-extinguish for a 
variety of test sample composites. Burning behaviour/appearance within the layers 
were also analysed, as well as using experimental combinations of layers.   
 
Table 6.1. Initial experimental sample descriptions  
Sample 
Composites 
Description With FR 
layer(s) 
Used in final research 
A PU cover assembly-top 1 Results used in final research 
B PU cover assembly-top 2 Results used in final research 
C PU cover assembly-top 1 Results used in final research 
D PU cover assembly-top 2 Results used in final research 
(E) PU cover assembly-bottom 1 For Initial experimentation only- not used 
F PU cover assembly-top 1 Results used in final research 
(G) FR layer with M3250 only 1 For Initial experimentation only- not used  
(H) PU cover assembly-bottom 2 For Initial experimentation only- not used  
(I) PU cover assembly-bottom 1 For Initial experimentation only- not used  
J Spacer cover assembly-top 1 Results used in final research 
K Spacer cover assembly-top 1 Results used in final research 
L PU cover assembly-top 2 Results used in final research 
(M) Inner core-top 0 For Initial experimentation only- not used 
 
Table 6.2   PU cover samples – (prototype representation)   
  SAMPLE A SAMPLE B SAMPLE L 
Layer facing flame 1 PU cover PU cover PU cover 
Layer 2 FR viscose FR viscose FR viscose 
Layer 3 M3250 FR viscose M3250 
Layer 4 A1301-235 M3250 FR viscose 
Inner core layer 5 M8960 A1301-235 A1301-235 
Layer 6  M8960 M8960 
Sample definitions in Table 6.1 – fabric specifications in Chapter 4 
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        Table 6.3.   Spacer cover samples – (prototype representation) 
  SAMPLE J SAMPLE K 
Layer facing flame 1 M3730 M3730 
Layer 2 FR viscose FR viscose 
Layer 3 A1301-235 M3250 
Inner core layer 4 M8960 A1301-235 
Layer 5  M8960 
           Sample definitions in Table 6.1 – fabric specifications in Chapter 4 
 
 
                     Table 6.4.   Experimental composite samples    
  SAMPLE C SAMPLE D 
Layer facing flame 1 PU cover PU cover 
Layer 2 FR viscose FR viscose 
Layer 3 A1301-235 FR viscose 
Inner core layer 4 M8960 A1301-235 
Layer 5  M8960 
            
     Sample definitions in Table 6.1 – fabric specifications in Chapter 4 
 
 
 
6.1  Preliminary experimental work 
 The preliminary work involved the testing of small combination samples and single 
layers, in order to observe the burning behaviour of the composites within the prototype 
cushions. The combinations/samples tested can be seen in Tables 6.2 - 6.5, with a 
description of all samples created in Table 6.1. 
 
Table 6.5.   Preliminary experimental samples    
  FR 
Part of 
CORE 
SAMPLE 
M 
SAMPLE 
F 
SAMPLE 
G 
Layer facing flame 1 FR viscose M3250 M3250 PU cover FR viscose 
Layer  2 ------ ------ M8960 FR viscose M3250 
Layer 3 ------ ------ ------ M8960 ------ 
            
Sample definitions in Table 6.1 – fabric specifications in Chapter 4 
 
 
 
The burning behaviours of these preliminary layers were observed and recorded. 
Figures 6.1 – 6.4 show the fabric assemblies after the flammability tests were carried 
out, showing their appearance after exposure to a flame. 
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These observations served as an indication of the behaviour of these spacer fabrics 
when exposed to a flame. Therefore, giving an indication of the ideal composition, 
combination and order of the spacer fabric layers within the prototype wheelchair 
cushions, this included the ideal position of the Flame retardant (FR) layer.  
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       Figure 6.1.   Sample N – Single layer assembly (after flame test)             Figure 6.2.     Sample P – Single layer assembly (after flame test) 
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       Figure 6.3.   Sample N – Experimental assembly (after flame test)        Figure 6.4.     Sample P – Experimental assembly (after flame test)  
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              Figure 6.5.     Sample G – Experimental assembly (after flame test)   
 
 
6.2    Preliminary experimental results 
The resulting burning behaviour of these preliminary experimental composites can be 
seen by layer, in Figures 6.6 - 6.8, sample M could not be separated for viewing, due to 
melting.  The burning behaviour of the single layer samples of the FR jersey fabric and 
the polyester stretch spacer fabric M3250, can be seen in Figures 6.1 and 6.2. 
Polyester fibre does burn and melt quite readily and the structure of the knitted spacer 
fabrics tend to encourages this behaviour in some combinations.  Analysing the 
burning behaviour of the single layer samples, shows how some of the individual layers 
behave when exposed to a flame.  
- Sample P, which was the stretch spacer layer M3250 and an important 
component of the prototype cushions, burns and melt freely when exposed to a 
flame (see Figure 6.2), however within the prototype composite, takes on a 
more positive role within the structure, which can be seen in other combinations 
in later testing.   
Chapter 6 
 
 
Carol Diane Hepburn                                                                                                             143 | P a g e  
 
- Sample N, an important layer in terms of flammability protection, which 
behaved as predicted as a flame-retardant layer and exhibited self-
extinguishing properties as soon as the flame was removed. 
- Sample M, the first of the multi-layer assemblies tested, behaved in a similar 
fashion to sample P, the layers melting as soon as they were exposed to a 
flame. Air would be drawn in from the back through the open structure of the 
spacer fabric M8960, with smoke being seen funnelling up through the centre of 
the M8960 layer. No self-extinguishing took place and the assembly continued 
to burn and melt after the removal of the flame, resulting in almost complete 
destruction (see Figure 6.3).   
- Sample G, was an assembly which represented part of the flame retardant (FR) 
layer within the prototype wheelchair cushions. The flame-retardant jersey 
viscose protecting the stretch spacer fabric M8960 was exposed to a flame for 
10 seconds. This resulted in the same reaction from the FR viscose, 
extinguishing after a couple of seconds after the removal of the flame, but with 
a transfer of heat to the next layer, resulting in scorching of the stretch spacer 
fabric M3250, see Figure 6.6. On close inspection of M3250, the beginning of 
melting of the yarn can be seen, see Figure 6.7. However, not enough burning 
occurred to burn through the fabric, which was beneficial. 
- Sample F, was a three-layered assembly, which incorporated the PU cover as 
well as the FR viscose layer. It can be clearly seen in Figure 6.8, that the FR 
layer could not protect the layer beneath, the M8960 spacer fabric, allowing 
enough heat to ignite this layer and the PU layer within the 10 seconds of flame 
application. This resulted in the PU cover burning for longer and the M8960 
layer beginning to burn after the flame was removed, when the FR layer did not 
self-extinguish quickly, also drawing air through the M8960 spacer layer to fuel 
the burn for longer. All these factors had a negative effect on the FR layer’s 
ability to self-extinguish quickly.  This produced two areas of burn which can be 
seen in Figure 6.8, as the flames spread to a second area of burning, both the 
PU cover layer and the core M8960 layer melted, which enabled the burning to 
continue beyond flame application.   
Using these results as possible predictive indications of the burning behaviour, 
several different combinations of sample assemblies, of the prototype cushion 
structures were prepared. Initial testing began on the original combination, with the 
addition of the FR viscose layer.      
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Figure 6.6.  Sample G - Scorching seen at each layer after exposure to flame for 10 seconds 
Layer 1 – FR viscose Layer 2 – 3250 
Time of flame application = 10 seconds 
SAMPLE G - Experimental assembly 
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Figure 6.7.   Close-up of the scorched area of M3250 in sample G. 
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Figure 6.8.     Sample F - Scorching as seen on each layer after exposure to a flame for 10 seconds 
    
Layer 1 – PU cover 
Facing the flame 
Layer 3 – 8960 Layer 2 – FR viscose 
Time of flame application = 10 seconds 
SAMPLE F - Experimental assembly 
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6.3   Experimental flammability behaviour 
Testing began on the assembly samples which represented the top layers of the 
prototype wheelchair cushions using the PU cover.  ‘Sample A’ was an assembly with 
modified layers to improve flame retardancy and was tested first, under 10 seconds, 20 
and 30 seconds, the mean results can be seen in Figures 6.9 and 6.10. Table 6.6 
records the mean results of the Samples A, B and L, which represent experimentation 
carried out on the top layers of the prototype cushions.  
The burn appearance of Samples A, B and L experimental assemblies can be seen in 
Figures 6.9 – 6.19.  
A second set of the experimental assemblies was created, which represented the top 
layers of the prototype wheelchair cushions which were using the spacer cover M3730 
only. ‘Sample K’ was the test assembly which represented the prototype ASD4-S, 
which was modified to include an FR layer, the FR Jersey viscose fabric to improve the 
flame retardancy. Sample J was an experimental assembly of the top layers of the 
prototype cushions, which had the spacer cover M3730 on top. The average results 
can be seen in Table 6.7 and Figures 6.21 – 6.31. 
Figure 6.20 represents the comparison of the three modified sample assemblies, A, B 
and L with PU covers, by using the average burn time (in seconds) after the removal of 
the flame and is shown in this graphical illustration.  
After experimentation was complete, each of the prototypes cushions were tested to 
BS 5852:2006 Ignition Source 5, see Table 6.9. the prototype cushions as well as the 
ASD3 development cushion all passed BS 5852:2006 Ignition Source 5 test 
successfully. 
   
Table 6.6.   Comparative average burn times of the experimental assemblies (PU 
cover) 
 
 
 
 
                    Pass =  < 2 mins (120 seconds)    Fail = >2mins (120 seconds) 
 
 
Time (s) Sample A Sample B Sample L 
 After burn time (s) 
10 4.5 0 2 
20 1 0 0 
30 26 2 2.7 
40 61 4 60 
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Table 6.7.   Comparative average burn times of the experimental assemblies (Spacer 
cover) 
 
 
 
 
                   Pass =  < 2 mins (120 seconds)    Fail = >2mins (120 seconds) 
 
 
Table 6.8.   Summary of flame test results for the cushion assembly samples 
 
 
 
 
 
 
 
 
Table 6.9.   Flammability test results tested under BS 5852:2006 Ignition Source 5. for 
the prototype cushions. 
Cushion BS 5852:2006 (crib 5 test)* 
 With PU cover With Spacer cover 
Airospring AS200PRO (ASD3) Pass Pass 
ASD4-S Pass Pass 
ASD450-S Pass Pass 
 *  BS 5852:2006 “Methods of Test for the assessment of the ignitability of upholstered 
      seating by smouldering and flaming ignition sources” using ignition source 5 (wood crib). 
 
 
6.4   Experimental flammability results 
 
In order to develop the optimum composite of layers within the prototype cushions and 
determine whether these layers had the potential to meet the required BS 5852 Ignition 
Source 5 (Crib 5), a series of bench scale flammability experiments were necessary. 
These experiments were carried out on samples of the core and facing sections of the 
prototype cushions. Testing and observation of the flammability behaviour of the 
multiple layers within the prototype cushion was used to determine whether the full-size 
Time (s) Sample K Sample J 
 After burn time (s) 
10 0.46 4.31 
20 0.61 0.10 
30 1.0  
Time(s) 10 20 30 40 
Assemblies     
 with PU cover  
A Pass Pass Pass Pass 
B Pass Pass Pass Pass 
L Pass Pass Pass Pass 
 with Spacer cover only  
J Pass Pass Pass ---- 
K Pass Pass Pass ---- 
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prototype cushions had the potential to meet the required BS 5852 Ignition Source 5 
(Crib 5). The multi-layered samples needed to pass the ‘Mydrin’ test in order to have 
the potential to meet the BS 5852 Ignition Source 5 (Crib 5). The ‘Pass’ criteria - to self-
extinguish within 2 minutes after the removal of the flame, see Table 6.8.      
 
6.4.1 Samples with the PU cover 
The burning behaviour witnessed in the samples, A, B and L can be seen in Figures 
6.9 – 6.19, with the data in Tables 6.6 and 6.8. As described before, polyester is a fibre 
that can burn/melt readily. The structure of some of the spacer fabrics, which have 
positive properties, can also work against them in terms of flammability, this was seen 
in some of the preliminary flame tests results. It was therefore necessary to protect the 
core section of the wheelchair cushions, which was the section most likely to burn 
readily, due mainly to the open lattice structure of the central core spacer fabrics, i.e. 
M8960 and to some extent A1301-234. Therefore, a flame-retardant layer was added 
beneath the cover.    
- Sample A, incorporated a flame-retardant layer directly beneath the PU cover 
and behaved in a manner which retarded continued burning, with a 10 second 
flame application, see Figure 6.9.  Although the PU cover did burn and melt 
almost immediately, the FR layer beneath, had the ability to reduce this. The FR 
viscose fabric layer self-extinguished very quickly, which self-extinguished the 
flames within the PU layer also, this prevented any further burning continuing 
through to the next layers.  
- 20 second flame application, when exposed to a flame for 20 seconds, the FR 
layer had to work harder, which meant the PU cover burnt and melted for 
longer, allowing the heat and scorching to be carried through to the next layers 
and this meant the stretch and soft spacer fabrics displayed significant 
scorching.    
- 30 second flame application, on exposure to an increased flame time, the same 
layers exhibited burning and scorching, however melting also occurred at the 4th 
layer, the A1301-235 spacer fabric was only scorched at 20 seconds, but at 30 
seconds began to slightly melt the top layer of the fabric. The PU cover also 
tended to burn for longer at 30 seconds before extinguishing.  
Through all three flame application times, the last layer the M8960 did not burn, which 
was the layer representing the core of the prototype cushions and the most flammable 
of the construction, see Figures 6.12 – 6.14, this was a beneficial feature. 
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- Sample B, a change to the construction was developed to improve the flame 
retardancy. Two layers of FR viscose fabric was introduced into the sample 
assemblies, which lay next to each other. This assembly was tested at flame 
applications of 10, 30 and 40 seconds, see Figures 6.15 – 6.17. 
- 10 second flame application, burning was greatly reduced with the introduction 
of a second FR layer. The scorching was seen to stop at the first FR layer, with 
very minor scorching exhibited on the second FR layer. The remainder of the 
sample assembly remained intact. 
- 30 second flame application, on exposure to an increased flame time, more 
layers exhibited burning and scorching, i.e. layers 2, 3, 4 and 5 all exhibited 
burning and scorching, with slight scorching occurring at the 5th layer, the 
A1301-235 spacer fabric. 
- 40 second flame application, at this level of exposure, all 5 of the layers 
displayed scorching, burning and melting, with the 5th layer (A1301-235) 
showing some slight melting of the top layer of the fabric   
As with sample A, through all three flame application times, the last layer the M8960 
still did not burn and remained intact, which representing the core of the prototype 
cushion. 
- Sample L, a further development was constructed to experiment with the flame 
retardancy. Two layers of FR viscose fabric was introduced into the sample 
assemblies but separated by the stretch spacer fabric M3250. This assembly 
was tested at flame applications of 30 and 40 seconds, see Figures 6.18 – 6.19. 
- 30 second flame application, on exposure to this flame application time, major 
burning and scorching was stopped at the 4th layer, which was the second FR 
fabric layer, with very minor scorching appearing on the 5th, the A1301-235 
spacer fabric. Once again, the bottom layer of M8960 remained intact and 
untouched. 
- 40 second flame application, as with sample B, at this level of exposure, all 5 of 
the sample layers displayed scorching, burning and melting, with the 5th layer 
(A1301-235), showing only some scorching in this configuration. Also, with no 
burning reaching the bottom layer of M8960 again.   
As with all three sample assemblies, the aim of these experiments was to protect the 
most vulnerable part of the cushion construction, which was the core section made up 
of the thickest spacer fabric, M8960. The characteristic of resilience comes from 
thickness and the open lattice structure of the M8960 spacer fabric. However, this 
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property also make the fabric inherently flammable. The protection of this inner core 
will make the whole cushion less flammable.  The construction of samples B and L, 
appear to give the composites more time to self-extinguish, there by impeding burning 
through the layers to the inner core.  The addition of a denser layer of spacer fabric in 
the form of the stretch spacer M3250 also inhibits the burning behaviour of the whole 
assembly, by reducing the air flow through the whole assembly. Without M3250, the 
construction appears to act like a chimney, sucking or drawing air in and pushing 
smoke out through the centre of the assembly. Figure 6.34 illustrates the burning 
behaviour of a sample without M3250 in the configuration, illustrating the need for this 
layer. 
 
(i) Sample representations using PU fabric as the cushion cover: 
In order to test the prototype composites with a PU cover, a set of sample assemblies 
were created to represent this section of the prototype cushions. Figures 6.9 – 6.19 
illustrate these samples. 
 
                  Figure 6.9.     Sample A – Experimental assembly (after flame test) 
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       Figure 6.10.  Sample B – Experimental assembly (after flame test)       Figure 6.11. Sample L – Experimental assembly (after flame test) 
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Figure 6.12.     Sample A - Scorching as seen on each layer after exposure to a flame for 10 seconds 
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Figure 6.13.     Sample A - Scorching as seen on each layer after exposure to a flame for 20 seconds 
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Figure 6.14.     Sample A - Scorching as seen on each layer after exposure to a flame for 30 seconds 
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Figure 6.15.     Sample B - Scorching as seen on each layer after exposure to a flame for 10 seconds 
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Figure 6.16.     Sample B - Scorching as seen on each layer after exposure to a flame for 30 seconds 
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Figure 6.17.     Sample B - Scorching as seen on each layer after exposure to a flame for 40 seconds 
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Figure 6.18.     Sample L - Scorching as seen on each layer after exposure to a flame for 30 seconds 
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Figure 6.19.     Sample L - Scorching as seen on each layer after exposure to a flame for 40 seconds 
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Figure 6.20.   Graph showing average burning times compared between samples A, B and L which are using a PU cover. 
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6.4.2 Samples with the Knitted spacer fabric cover 
 
The burning behaviour observed in the spacer fabric cover samples, K and J can be 
seen in Figures 6.21 – 6.30. Once again, it was necessary to protect the core section of 
the prototype wheelchair cushions, which was the section most likely to burn. 
Therefore, a flame-retardant jersey viscose fabric layer was added beneath the spacer 
fabric outer cover.    
- Sample K, incorporated a flame-retardant layer directly beneath the spacer 
fabric cover, which was a jersey viscose fabric, by using the same construction 
layers as sample A as a basis. In general, the spacer fabric cover samples 
exhibit a much more controlled burn, melting rather than burning uncontrollably, 
see Figures 6.21 and 6.22.  
- At the 10 seconds’ flame application, it can be seen in Figure 6.23 that burning 
does not go beyond layer 3, which was also seen in sample A. The burning in 
sample K also appeared as a small spot. At 20 seconds, there appeared to be a 
flame spread of approximately 3 – 4cm up the sample, which penetrated 
through to layer 4, inducing slight scorching, the main core was still protected. 
- The 30 seconds’ flame application produced a larger flame spread, with burning 
through to the layer 4, which burned/melted through the top layer only of this 
spacer fabric, A1301-235.  A close-up of the burn pattern can be seen in Figure 
6.27, here the underside of the spacer fabric has remained intact and did not 
burn through to layer 5, once again protecting the core of the assembly. 
- The last set of tests on this sample were the 40 second flame application, which 
produced results similar to the 30 second test results. Scorching occurred up to 
layer 4, but did not go beyond this layer, once again protecting the core of the 
sample. 
The spacer fabric used for the outer cover M3730, burned and melted, sealing the 
edges of the holes created during exposure to the flame. No dripping occurred on 
the outer spacer fabric M3730, which helped the FR layer beneath to self-
extinguish and this burn pattern can be seen in Figures 6.21 – 6.30. 
 
- Sample J, was an experimental test assembly, in which the stretch spacer 
fabric layer M3250 was removed, in order to observe the burning behaviour of 
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this composite.  The resulting burn patterns can be seen in Figures 6.29 – 6.30. 
Under the 10 second flame exposure, the assembly fared well, in comparison 
with sample K, the scorching reached layer 3, which in this case was the spacer 
fabric A1301-235 and did not go beyond this. 
However, at the 20 second flame exposure, although burning did not extend 
beyond layer 3 (spacer fabric A1301-235), layer 4 (M8960), which in this case 
was the core of the sample, did exhibit a slight discolouration or very slight 
scorching, see Figure 6.30 – layer 4.  Layer 3, the A1301-235 softer spacer 
fabric, burnt through leaving a hole in the underside face layer of the space 
fabric, allowing heat to penetrate through to the core layer M8960 spacer fabric, 
this can be seen in Figure 6.31. The remnants of the burnt and melted spacer 
yarn can also be seen in Figure 6.31. This illustrated the need for the denser 
stretch spacer fabric M3250 in the configuration, see Figure 6.34. 
The two different outer cover types, PU fabric and spacer fabric were compared in 
terms of their burning pattern/behaviour and can be seen in Figure 6.32. Sample A 
clearly illustrated the ability to hinder burning within the first three layers and mainly in 
the first two layer, at the flame exposure time of 10 seconds. While sample K, appears 
to contain the burning to within the first three layers. Figure 6.33 is a comparison of 
sample K with sample J, in which sample J does not have a stretch spacer fabric layer 
within the assembly. The experimental sample J was created to see the effects of the 
stretch layer within the assembly, when exposed to a flame, the results can be seen in 
Figures 6.29 – 6.31. 
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(ii) Samples representations using knitted spacer fabric M3730 as the cushion cover: 
       Figure 6.21.  Sample K – Experimental assembly (after flame test).              Figure 6.22. Sample J – Experimental assembly (after flame test). 
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Figure 6.23.     Sample K - Scorching as seen on each layer after exposure to a flame for 10 seconds 
 
 
 
 
Chapter 6 
 
 
Carol Diane Hepburn                                                                                                             166 | P a g e  
 
 
 
Figure 6.24.     Sample K - Scorching as seen on each layer after exposure to a flame for 20 seconds 
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Figure 6.25.     Sample K - Scorching as seen on each layer after exposure to a flame for 30 seconds 
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Figure 6.26.     Sample K - Scorching as seen on each layer after exposure to a flame for 40 seconds 
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Figure 6.27.   Close-up of Sample K, the burn pattern of layer 4 (Spacer fabric A1301-235) after 30 secs flame application 
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Figure 6.28.  Close-ups of sample K at 40 secs flame application: (A) – whole assembly; (B) – layer 4 (A1301-235) 
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Figure 6.29.     Sample J - Scorching as seen on each layer after exposure to a flame for 10 seconds 
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Figure 6.30.     Sample J - Scorching as seen on each layer after exposure to a flame for 20 seconds 
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Figure 6.31.   Close-up photograph of Layer 3 (A1301-235) in sample J at 20 second flame exposure 
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Figure 6.32.    Comparison of the burning patterns of the experimental cushion composites – representing ASD4-S at 10 secs exposure 
A comparison of burning behaviour between the PU cover and the Spacer cover assemblies. 
SAMPLE A – PU cover 
 
 
 
 
 
 
 
 
SAMPLE K – Knitted spacer cover 
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A comparison of burning behaviour between the PU cover and the Spacer cover assemblies. 
SAMPLE A – PU cover 
SAMPLE K – warp knitted spacer fabric cover 
Figure 6.33.  Comparison of the burning patterns of the experimental cushion composites – representing ASD4-S at 30 secs exposure 
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Figure 6.34.       Comparison of the burning patterns of the experimental composites at 10 secs flame exposure. 
A comparison of burning behaviour between assemblies with & without the stretch spacer fabric. 
SAMPLE K – Knitted spacer outer cover 
SAMPLE J – Knitted spacer outer cover 
 
Chapter 6 
 
 
Carol Diane Hepburn                                                                                                             177 | P a g e  
 
 
 
 
Figure 6.35.  A comparison of ‘After burn’ time for the PU fabric cover (A) and Knitted spacer fabric cover (K) 
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6.5    Analysis of the experimental results 
The aim of these bench-level experiments was to determine the potential flammability 
behaviour of the prototype wheelchair cushions. Some of the areas of potential use for 
these prototypes are in the healthcare sector. Some of the regulations applicable to the 
healthcare sector require wheelchair cushions to pass some of these standards: BS 
5852 Ignition Source 5 (Crib 5); BS 7175: 1989 Section 3 Ignition source 5; BS 5852 
Part 1 Ignition Source 0; and BS 5852 Part 1 Ignition Source 1. More details on this can 
be found in Chapter 3. In particular, it was important that these prototypes had the 
potential to pass the BS 5852 Ignition Source 5 (Crib 5) test. Therefore, these 
experiments would be used to determine this viability. 
Sample A, which represented the basic configuration of the prototype wheelchair 
cushions ASD4, ASD4-S and ASD450-S, with an outer PU cover, incorporated one 
layer of the FR viscose fabric M6810. This combination produced good results at the 
10 second exposure stage, protecting the main core sections of the sample which was 
the thicker spacer fabric M8960. The two outer layers, the PU layer and the FR layer, 
self-extinguished almost immediately after the removal of the source flame at 10 
seconds. At the 20 and 30 second flame exposure, subsequent layers were affected 
and the following occurred at layer 3. The stretch spacer fabric M3250 and layer 4, the 
soft spacer fabric A1301-235 – burning and melting; scorching and melting or only 
scorching. However, once again, the core layer M8960 remained intact, with no 
scorching in some cases.  
The speed at which total self-extinguishing occurred was nearly always determined by 
the behaviour of the PU layer. The burning behaviour of the PU layer could include, 
significant melting as well as burning, especially if the flames began to climb up the 
sample, dropping molten PU onto the FR layer. Observations revealed that the FR 
layer always self-extinguished, but the total extinguishing of the flame for the whole 
sample was determined by, whether the PU layer just melted, or burnt and melted. If 
the FR layer was unable to stop the PU layer catching light & burning, then when the 
flame was removed the PU continued to burn and melt. Therefore, burning continued 
until the PU layer self-extinguished, not the FR layer, which did not burn after the 
removal of the flame.  Therefore, even though this combination had the potential to be 
flame resistant, there was a need for more protection. Therefore, sample B was 
created. 
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Sample B, had the same basic configuration as sample A, however to increase the 
flame resistance, a second FR layer was added to the first, doubling the FR layer. 
Sample L was also created with a second FR layer, however the FR layers were 
separated, by laying them either side of the stretch spacer fabric M3250. This was to 
investigate a further increase in flame resistance. Both samples exhibited the ability to 
self-extinguish almost immediately or within the 2-minute pass criteria. Both samples 
protected the core layer M8960, with the soft spacer fabric layer A1301-235 exhibiting 
only slight scorching, to more severe scorching, however no burning or melting was 
seen at this layer from a flame application of 40 seconds. The arrangement of layers 
used in samples B and L appeared to be the best configurations, as judged by these 
bench-scale tests, indicating the potential for these two configurations to pass the BS 
5852 Ignition Source 5 (Crib 5) standard test. The prototype cushions needed to 
conform to this standard with a waterproof outer cover in place, due to the intended use 
of these cushions in the healthcare sector. The PU fabric used in these tests would be 
used to make that cover. Sample K, although similar in configuration, did not need to 
be waterproof to meet some of these regulations in the domestic sector. In comparison, 
samples A and K performed well against each other, however, the spacer fabric cover 
appeared to create a more ‘controlled burn’ initially. The polyester knitted spacer fabric 
M3730 melted during the application of the flame, rather than burned, which assisted 
both the FR and the polyester spacer layer to quickly self-extinguish. This is 
demonstrated in Tables 6.5 and 6.6, also Figure 6.35, in the after-burn times collected 
for these samples.  Although both sample configurations gave good test results, the 
spacer fabric cover self-extinguished much quicker in general, than the PU fabric 
cover. This meant that the potential for the prototype wheelchair cushions to pass the 
BS 5852 Ignition Source 5 (Crib 5) standard test was good when using either, a 
waterproof outer cover (PU fabric) or a knitted spacer fabric outer cover (M3730).   
Overall, the bench-level tests were successful in determining the potential flame 
resistance of a selection of effective experimental configurations for the prototype 
wheelchair cushions. The final configurations for the prototype cushions can be seen in 
Tables 6.10 and 6.11. 
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 Table 6.10.  Basic composite construction: Prototype ASD4-S with PU cover 
LAYER QUALITY DESCRIPTION 
Outer Cover – 4  PU Interchangeable Outer cover – water proof 
Inner cover – 3    M6810 FR protection cover – sealed 
Inner cover – 2    M6810 FR protection cover – sealed 
Inner cover – 1 M3250 Stretch cover – sealed  
Core – 1 A1301-235 Soft moulding spacer layer 
Core – 2 M8960 Castellated  - Recess, Abductor and Adductor layer  
Core – 3 M8960 Recess layer 
Core – 4 M8960 Flat layer 
Core – 5  D0100-03 Rigid base layer 
 This configuration has been fully tested externally and successfully 
met the BS 5852:2006 Ignition Source 5 (crib 5) see Table 6.9 
 
 
Table 6.11. Basic composite construction: Prototype ASD4-S with spacer fabric cover 
LAYER QUALITY DESCRIPTION 
Outer Cover  M3730 Interchangeable Outer cover – spacer fabric 
Inner cover – 3    M6810 FR protection cover – sealed 
Inner cover – 2    M6810 FR protection cover – sealed 
Inner cover – 1 M3250 Stretch cover – sealed  
Core – 1 A1301-235 Soft moulding layer 
Core – 2 M8960 Castellated  - Recess, Abductor and Adductor layer  
Core – 3 M8960 Recess layer 
Core – 4 M8960 Flat layer 
Core – 5  D0100-03 Rigid base layer 
 This configuration has been fully tested externally and successfully 
met the BS 5852:2006 Ignition Source 5 (crib 5) see Table  6.9 
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Chapter 7 
Conclusions and Suggestions for further work 
 
7.0      Conclusions  
 
7.1     Introduction 
The main aims of this research were to develop new pressure relieving cushions, 
manufactured from 3D warp knitted spacer fabrics. Pressure relieving wheelchair 
cushions are used to protect the most vulnerable part of the human buttocks, IT area, 
in order to assist in the prevention of pressure ulcers. This research concentrated on 
pressure relieving wheelchair cushions, used by individuals suffering from any form of 
paralysis, or extremely poor mobility, resulting in positional immobility.  
 
7.2     Conclusions 
The prevention and in particular the treatment of pressure ulcers, have become a 
heavy and significant burden to the National Health Service. The development and use 
of effective pressure relieving devices, is a part of a successful and effective 
intervention process. Pressure relieving cushions are a part of this process and the 
development of effective pressure relieving wheelchair cushions are important to this 
intervention. 
This research concentrated on the development of innovative warp knitted spacer 
fabric wheelchair cushions. The most effective cushions being shaped and contoured. 
By using a new methodology, specific characteristics were used to develop three 
prototype wheelchair cushions. The characteristics used to develop and compare these 
cushions were the pressure mapping profiles, which recorded the peak pressures 
occurring in the contact areas of the cushions, as well as the flammability behaviour of 
the materials used in the prototypes.  Most significant was the peak pressure recorded 
in the IT area of the wheel chair cushions, which would give the most protection from 
pressure ulcers and characterised the effectiveness of the cushion. 
The contoured prototype 3D spacer fabric wheelchair cushions ASD4, ASD4-S and 
ASD450-S were designed and developed to remedy this problem.  These contoured 
prototype wheelchair cushions incorporated a feature, which was uniquely constructed 
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by using a series of multi-layer warp knitted spacer fabric configurations. This 
configuration created a contoured and shaped recess within the prototypes cushions 
protecting the IT area and reducing peak pressure in the overall cushion. This 
reduction of pressure in the IT area has the potential to help in reducing the incidence 
of recurring pressure ulcers. 
The pressure distribution of the contoured prototype wheelchair cushions was recorded 
using a new methodology which measured the pressure distribution across the whole 
area of a wheelchair cushion and selected areas. This test methodology could apply a 
variety of test loads to the cushions, by using a Rigid Cushion Loading Indenter (RCLI) 
that could simulate the human buttocks. The comparative pressure mapping tests 
carried out on a small selection of commercially available foam wheelchair cushions, 
revealed that the prototype contoured spacer fabric wheelchair cushions performed 
better than the foam cushions, especially when protecting the important IT area.  
    
7.2.1 Pressure distribution properties 
By further developing the originally developed, flat 3D spacer fabric cushions AS100 
and AS200, a selection of warp knitted spacer fabrics of different thicknesses and 
qualities were chosen to create the new prototypes. The prototypes ASD4, ASD4-S 
and ASD450-S, all consisted of a variety of warp knitted spacer fabrics, ranging from a 
soft compression resilient spacer fabric to a very rigid dense spacer fabric. Each 
prototype consisted of a minimum of 5 core inner layers of warp knitted spacer fabrics 
and 3 outer cover layers, which included a flame-retardant layer and an extensible 
spacer fabric layer.  
The flat cushion ASD3 (AS200PRO) was a redevelopment to give the AS200 
Airospring® cushion flame retardant properties, which could meet the required BS 5852 
Ignition Source 5 (Crib 5) standard, without a reduction in the original pressure re-
distribution properties of AS200. This was achieved with the average overall peak 
pressure for ASD3 ranging from 41.5mmHg – 49.9mmHg. However, although the mean 
overall peak pressure was slightly higher than the original AS200, ASD3 remained 
below 60mmHg and lower than the commercial foam cushions tested (66Fit® foam 
cushion and Basic PU foam cushion).  
The prototype ASD4, a partially shaped cushion, was able to re-distribute pressure 
from the vulnerable IT area successfully to the thigh area, creating a sector of lower 
pressure in the IT area and a higher pressure in the thigh area. This can be seen 
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compared with the basic flat PU foam cushion and the flat viscoelastic foam cushion 
66Fit® in Chapter 5, Figure 5.14 where, ASD4 exhibited a lower pressure of 24.0mmHg 
in the IT area and the basic PU foam and viscoelastic foam 66Fit® cushions, registered 
pressure readings of 101.4mmHg and 83.6mmHg respectively. The uniquely contoured 
recess, in the back of the prototype wheelchair cushion ASD4, successfully achieved a 
lower pressure distribution in the IT area, as compared to the flat commercial foam 
cushions tested.  
The fully contoured prototype wheelchair cushions, ASD4-S and ASD450-S were 
developed not only to protect the vulnerable IT area, but also to help the individual in 
sustaining a therapeutically seated position. The combination of the uniquely contoured 
recess, along with the Abductor and Adductors, create a fully contoured wheelchair 
cushion that reduces pelvic tilt, cradles the buttocks and stops the individual from 
sliding forwards. This ensures a reduction or elimination of friction and shear at the 
cushion interface, as the individual no longer needs friction to help keep him or her 
seated and in an upright position, as would normally occur in a flat cushion [99]. This 
becomes even more important when the individual is suffering from some sort of 
paralysis and can no longer maintain a therapeutic position by themselves. In 
comparison with the commercially available contoured viscoelastic foam wheelchair 
cushions, Emerald and Invacare Flo-tech, the fully contoured prototype ASD4-S was 
able to sustain lower peak pressures at higher loads, such as 1.75kN. While the 
viscoelastic foam cushions could only sustain overall low peak pressures at a load limit 
of no more than 1.50kN. The most significant results were the peak pressures found 
only in the IT area, here, the pressure in the IT area of the prototype wheelchair 
cushion ASD4-S was almost half that found in the viscoelastic foam cushions tested, 
see Chapter 5, Tables 5.23 and 5.24. The success of this shaped recess feature in the 
prototype wheelchair cushions, can be seen clearly in Chapter 5, Figure 5.29, where at 
an average load of 0.750kN, the IT areas of the prototypes wheelchair cushions, exhibit 
significantly lower peak pressures, than the commercially available viscoelastic foam 
wheelchair cushions.  
At the average load of 0.750kN, low peak pressures were found in the IT area and 
ranged from 17.7mmHg to 27.4mmHg in the contoured prototype cushions ASD4; 
ASD4-S and ASD450-S, further results can be found in Table 5.24.  This illustrated that 
the three prototype warp knitted spacer fabric wheelchair cushions could successfully 
re-distribute peak pressure, which occurs in a seated position, as well as support and 
maintain an individual in a therapeutic position, which also helps to protect the 
vulnerable part of the anatomy, the IT region, in a seated position.         
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7.2.2 Flammability properties 
 
The flammability behaviour of the flat and contoured 3D warp knitted spacer fabric 
wheelchair cushions was investigated using the modified ‘Mydrin’ flame test method. 
This enabled the flame retardant layers to be incorporated and tested within the 
prototype cushion structures, creating a final specification for each prototype cushion, 
which was flame retardant as well as pressure relieving.  
The results generated from the bench-scale flame test, indicated that, although 
individual layers of the polyester warp knitted spacer fabrics can be extremely 
flammable and in particular the fabrics which are made up of a ‘very open’ structure, 
such as fabric quality M8960. Individually, fabric quality M8960 could not pass the 
Mydrin test, i.e self-extinguish within 2 minutes, after the removal of the flame.  
However, in combination with a series of layers, this behaviour can be reduced and 
with the addition of a flame-retardant fabric layer within the cushion structure, the self-
extinguishing behaviour occurred more readily. The most difficult and unpredictable 
layer to control, when a flame was applied to it, was the PU waterproof cover fabric, 
which tended to melt, drip and burn, causing additional layers below to burn. Although 
the spacer fabric, quality M3730, used as the outer cover, burnt quite readily initially, it 
had the ability to melt and then self-extinguish, without dripping. This enabled the 
flame-retardant fabric layer to self-extinguish much quicker. The assemblies containing 
the PU outer cover were able to self-extinguish, after the removal of the flame, quicker 
with addition of an extra flame-retardant fabric layer.  Tables 6.6 and 6.7, in Chapter 6, 
indicated the ideal layer configuration for the prototypes, in order to reduce the burning 
time of the assemblies. The flame-retardant layer used in these prototypes was a 
flame-retardant viscose jersey fabric, called ‘Protex M Jersey’. The results obtained 
from these experiments indicated that the final specifications chosen for each of the 
prototypes wheelchair cushions, had the potential to meet the criteria and to pass the 
BS 5852: 2006 Ignition Source 5 (Crib 5) and BS 7175: 1989 Section 3 Ignition source 
5 test, which are a requirement of the healthcare sector. This was later confirmed when 
tested to BS 5852 Ignition Source 5 (Crib 5) and BS 7175: 1989 Section 3 Ignition 
source 5 test, where both ASD4-S and ASD450-S cushions passed to these standards, 
along with ASD3 (AS200PRO), see Table 6.9. These experiments were also able to 
give a good indication of the burning behaviour of these prototype warp knitted spacer 
fabric wheelchair cushions, as seen in Tables 6.6 - 6.8.  
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Table 7.1 provides a final ranking order using the mean test results for the IT area only, of the cushions developed & tested along with the 
commercial comparisons. The average load of 0.750kN/76.5kg/12st was used to rank the cushions. Secondary ranking using the pressure 
results of the whole cushion were also illustrated in this table.  
                              Table 7.1.   Pressure relieving cushions ranked by the mean pressure results in the IT area only. 
 
 
Cushion type  LOAD at 0.750kN / 
76.5kgs/12st 
Ranked by  
Overall area 
pressure 
results 
Flammability  
Status 
 
Cushions – FLAT 
FLAT or 
CONTOURED 
  
IT area 
 
Whole area 
BS 5852 Ignition 
Source 5 (Crib 5) 
 
1 Prototype ADS4-S cushion 
CONTOURED Prototype 
17.7 27.9 
 
1 
 
Pass 
 
2 Prototype ASD4 cushion  
CONTOURED Prototype  
24.0 
 
51.0 
 
5 
 
Pass 
 
3 
Bariatric Prototype ADS450-S 
Cushion 
CONTOURED Prototype 
27.2 35.1 
 
2 
 
Pass 
 
4 ASD3 (AS200PRO) wheelchair cushion 
FLAT Prototype  
39.9 
 
54.9 
 
8 
 
Pass 
 
5 AS200 cushion - Airospring® 
FLAT   
49.5 
 
51.6 
 
6 
 
Pass 
 
6 INVACARE cushion 
CONTOURED Commercial 
50.4 43.5 
 
3 
 
Pass 
 
7 AS100 overlay cushion - Airospring® 
FLAT   
55.4 
 
63.5 
 
9 
 
Pass 
 
8 EMERALD cushion 
CONTOURED Commercial 
69.3 52.4 
 
7 
 
Pass 
 
9 66Fit® Foam Cushion 
FLAT Commercial  
83.6 
 
48.5 
 
4 
 
Pass 
 
10 Basic PU Foam flat cushion 
FLAT Commercial  
101.4 
 
65.0 
 
10 
 
Not tested 
              Acceptable pressure range used: 0mmHg – 50mmHg for IT area only (results outside the acceptable range in Red) 
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In summary, a series of innovative and unique features were achieved from this 
research work, which are summarised below: 
• A fully characterised flat wheelchair cushion was developed, which utilised 3D 
warp knitted spacer fabric, which had flame retardant properties.  
• A series of prototype contoured wheelchair cushions were designed, developed 
and fully characterised, which utilised warp knitted spacer fabrics, in multi-layer 
structures. 
• These prototypes had flame retardant properties, which could meet the BS 
5852 Ignition Source 5 (Crib 5) and BS 7175: 1989 Section 3 Ignition source 5 
test, which are required for the healthcare sector. 
• An innovative contoured recess was developed and utilised within the spacer 
fabric structures, by using a unique technique. 
• An innovative testing methodology was developed and utilised in this research. 
There is no evidence of using this test methodology elsewhere.  
• A bench scale test method (modified ‘Mydrin’ test method) was used to 
determine the flammability behaviour of warp knitted spacer fabrics, in the 
context of the prototype wheelchair cushions. There is very little published 
research available on the flammability behaviour of warp knitted spacer fabrics. 
• There are very few if any, commercially produced, fully contoured warp knitted 
spacer fabric wheelchair cushions available on the commercial market today. 
 
 
7.3     Suggestions for further work  
 
The aim of this research was to successfully develop a new prototype pressure 
relieving device by utilising warp knitted spacer fabrics. During this research, three 
prototype wheelchair cushions were developed, the first prototype, ASD4, a partially 
contoured wheelchair cushion was targeted at a weight range of up to 
76kg/0.75.0kN/12st, through maintaining an excellent pressure distribution overall, as 
well as in the IT area, at this weight range.  The fully contoured prototype wheelchair 
cushions, ASD4-S and ASD450-S were developed for higher weight ranges, with 
ASD450-S targeted at the bariatric weight ranges. The prototype bariatric wheelchair 
cushion, ASD450-S, had a weight limit of 2.500kN. Further work should be carried out 
in order to develop a new prototype cushion which could accommodate weights of 
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above 3.000kN, especially as bariatric medicine has become of particular importance 
within the NHS, over the last decade or so. Further modification of the uniquely created 
recess area could be further developed to accommodate larger individuals. Further 
improvements to the design, of the recess area could be incorporated in order to 
further reduce the pressure in the vulnerable IT area.  Some of the techniques used to 
create the contoured recess could be further developed to reduce the peak pressure 
which occurs in the thigh area, further refining of the current prototypes. 
As this research has been conducted purely without the use of live subjects, due 
mainly to the variability of the test results collected, from the pressure mapping 
methodology and the variability caused due to live test subjects, a further phase should 
be initiated within this research to include the introduction of live test subjects. When 
using live test subjects’ additional properties could be investigated, such as the comfort 
or the perception of comfort found with these cushions. The variability caused due to 
different human subjects can make comparisons difficult, especially as the weight of an 
individual is not the only characteristic that can affect the perception of comfort. The 
body mass index (BMI), which is an index, which quantifies the tissue mass (bone, fat 
and muscle) of an individual, can also affect the resulting pressure profile, which 
cannot be easily simulated during testing. It is clear that the BMI can affect the 
pressure profile at the IT area and this should be further investigated. 
Since very little research has been conducted in the area of the flammability behaviour 
of warp knitted spacer fabrics, there is the scope for further investigation this area. 
The use of a RCLI has been further developed by other researchers [82, 110], by using 
different materials for its construction. This allows for other properties or characteristics 
to be determined, such as the moisture transmission at the cushion-body interface. The 
research into the interaction between the microclimate of a warp knitted spacer fabric 
cushion and the pressure ulcers could be another topic for further research.  
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